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1 Introduction

Complex or dusty plasmas have been an established field of research for more than 25
years [1, 2]. Its roots lie in naturally occurring dusty space plasmas [3–5] and the semi-
conductor industry where parasitic dusty plasmas can form in processing plasmas and
reduce the production yield [6–8]. Subsequently, their role in fusion reactors was investi-
gated [9,10]. In contrast, researchers started to generate dusty plasmas in the laboratory
to investigate their fundamental properties [11,12]. Today, they have found their way into
industrial applications [13,14].

Dusty plasmas are plasmas that, in addition to neutral gas, free electrons and ions,
also contain macroscopic particles (“dust”) with radii of the order of a few nanometers to
about 100 µm. When those particles are immersed in the plasma, they become electrically
charged. The resulting electrostatic interaction leads to a plethora of interesting phenom-
ena. The particle dynamics takes place on timescales of milliseconds to seconds. Due to
the mutual electrostatic repulsion, especially in the case of micrometer-sized particles, the
interparticle distance is of the order of hundreds of micrometers. Together with the rela-
tively slow dynamics, the behavior of individual particles can be studied. Dusty plasmas
can take solid as well as fluid or gaseous states, and their coupling can be modified in
a controlled way. This offers the unique possibility to observe phenomena such as phase
transitions [11, 15–19], different kinds of waves [20–22], vortex flows [23–28], and many
more on the kinetic level.

Phase separation is an interesting phenomenon as it can be studied in widely different
systems. For example, there have been investigations of phase separation in binary liquids
[29, 30], colloidal systems [31–33], nanoporous solids [34], metallic alloys [35, 36], and
polymer blends [37]. The only requirement is that there need to be different types of
particles present. Binary dusty plasmas contain two species of dust particles and therefore
fulfill this condition.

It is known that binary systems can demix due to spinodal decomposition depending on
the ratio of the interaction strength between particles of different species to the interaction
strength between particles of the same species [38,39]. As the interaction is electrostatic,
the particle charge (which is related to the particle radius) is the quantity that governs
the phase separation in dusty plasmas. There have been several experimental [40–44] as
well as numerical [27, 45–47] studies of spinodal decomposition in binary dusty plasmas.
However, spinodal decomposition is only expected when the charge disparity exceeds a
certain threshold [39].

Apart from the interparticle repulsion, there are different other forces on the particles
that are directly or indirectly exerted by the plasma. While the basic mechanisms are well
understood, the specifics of some of those forces are still object of current research [48,49].
All forces depend on the particle radius in some way, which raises the interesting question
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CHAPTER 1. INTRODUCTION

whether particles of different size can exhibit phase separation not only due to spinodal
decomposition, but also due to differences of the plasma forces. In a recent study where I
participated in the planning and conduction of the experiments, it was found that binary
dusty plasmas separate even when the size disparity is much smaller than the threshold
for spinodal decomposition [50].

Apart from the possibility to study the kinetics of phase separation using dusty plasmas
as a model system, this enables insights into the fundamental processes in dusty plasmas.
The following questions have emerged:

• In Ref. [50], only one of the species could be accessed individually. Can the data
quality be increased so that both species are accessible as individual quantities even
at the smallest size disparities?

• Does the phase separation solely depend on the size disparity or are there other
parameters?

• What is the exact interplay of the plasma forces, primarily ion drag and electric
field force? And what is the role of the impeding forces, primarily interparticle
interactions and neutral gas drag?

• What is the role of the experiment geometry? Are the findings specific to the
evaluated system or more universal?

In my thesis, systematic measurements of phase separation in binary dusty plasmas with
size disparities below the threshold for spinodal decomposition have been performed. The-
sis articles A1 and A2 present these measurements and their analysis. The experiments
were accompanied by numerical simulations to better understand the underlying mecha-
nisms. Article A2 focuses on the simulations.

As the gravitational force scales with the particle mass and, hence, the third power
of the radius, it emphasizes size differences and would lead to a strong phase separation
in measurements conducted under gravity conditions. The much more interesting plasma
forces, in contrast, scale proportionally to the radius or radius squared, and their influence
would be masked by gravity. Furthermore, gravity leads to a sedimentation of dust
particles in the lower sheath of the plasma discharge and compresses the dust cloud into a
two-dimensional disk. For relevant measurements of phase separation, however, a three-
dimensionally extended system is desired. The majority of the previous measurements on
phase separation [41–44, 50] were therefore performed under microgravity conditions on
the International Space Station or on parabolic flights. The measurements of my thesis
were performed on parabolic flights.

Under microgravity, self-excited dust-density waves are often observed. These waves
have been object of intense investigation since their theoretical prediction in 1990 [51] and
their first experimental observation in 1995 [52, 53]. Large wave fields can be generated
under microgravity conditions (see e.g. [54, 55]), but observations are also possible under
gravity conditions when a dust cloud is trapped inside a glass box (see e.g. [56,57]). I have
investigated kinetic phenomena in dust-density waves like particle trapping [56,58–60] in
my Bachelor [61] and Master [62] theses.

However, studies of such waves in magnetized plasmas are still rare. In magnetized
plasmas an additional force, the Lorentz force, acts on all plasma species. Its influence
depends on the mass and charge of the respective species. Compared to other forces the

2



Lorentz force is too weak to directly affect the dust particle motion significantly at typical
magnetic field strengths [63,64]. However, the electrons and ions can be magnetized, which
in turn can influence the dust. While the study of magnetized plasmas is nearly as old
as plasma physics itself, magnets that can produce high fields of several teslas have only
recently been used for dusty plasma experiments [65–68].

As there have been only few studies of dust-density waves – and dusty plasmas in
general – at high magnetic fields, the following questions arise:

• How is the dusty plasma affected by the magnetic field? Do plasma densities and
particle properties, like their charge, change with magnetic field strength?

• Can dust-density waves exist under strong magnetic fields of B > 0.1 T and can
they be investigated? What is the influence of the magnetic field on such waves?

• Tadsen et al. proposed a technique to determine plasma parameters from measured
wave properties and successfully applied it to a nanodusty plasma at magnetic field
strengths of up to 0.1 T [69,70]. Can this method be applied to strongly magnetized
dusty plasmas?

In thesis article A3, the behavior of dust-density waves in magnetized dusty plasmas was
investigated. The method by Tadsen et al. was modified to analyze the waves that form
in microparticle clouds inside a glass box.

In this thesis I will summarize the findings on phase separation (as discussed in articles
A1 and A2) and dust-density waves under magnetic fields (as discussed in article A3).
Chapter 2 presents some basics of the analyzed system. Chapter 3 focuses on the specific
setups used for the experiments of this thesis. Chapters 4 to 6 describe the findings of
the thesis articles, and chapter 7 gives a short summary.
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2 Basics of the Investigated System

When small objects (“dust particles”) are confined in a plasma, a dusty plasma is formed [2,
71–73]. The radius a of the dust particles can range from a few nanometers to about
100 µm. Particles in the submicron range are often formed in the plasma by chemical
reactions, either as an (unwanted) side-effect of plasmachemical processes (see e.g. [6–8])
or deliberately in laboratory environments (see e.g. [40, 74–76]). In basic dusty plasma
research, prepared micrometer-sized particles are often injected into the plasma (see e.g.
[11, 12, 20, 23, 77]). This has the advantage that the particle properties such as their size
and shape are well known.

Here, some selected basics of dusty plasmas will be discussed. Only the aspects that are
specific to the investigated system are covered. The reader is referred to textbooks such
as [2, 71–73, 78–80] for common basics like the physics of low-temperature rf discharges,
the charging of dust particles, or forces on dust particles.

2.1 Dust-Density Waves

The presence of dust particles can lead to many new phenomena compared to pure
electron-ion plasmas. Now, there are three charged species that exhibit dynamics on
widely different time scales. This, for example, leads to new wave modes; see e.g. [2, 81]
for an overview. One wave that was intensely studied is the dust-density wave (DDW).
It is comparable to the ion acoustic wave known from dust-free plasmas, where electrons
provide the background for the ion dynamics. Now, the dust exhibits the main dynamics
and electrons as well as ions collectively provide the background. Therefore, the time
scale of the wave dynamics is the dust plasma frequency1

ωpd =

(
nd,0Z

2
de

2

ε0md

)1/2

, (2.1)

where nd,0 is the average, undisturbed dust density, e is the elementary charge, Zd = Qd/e
with the dust charge Qd is the charge number, ε0 is the dielectric constant, and md is
the dust mass. Typically, ωpd is of the order of 10 to 100 s−1 and the dust density is
strongly modulated, making dust-density waves directly observable using video cameras.
Dust-density waves can either be excited externally (see e.g. [20,82–84]) or self-excited by
streaming ions (see e.g. [57,85–88]). A special case of the former is the modification of self-
excited waves to study the wave dispersion, e.g., by applying an additional modulation to
the plasma. Self-excited DDW exist in many situations due to the omnipresent ambipolar

1The electron and ion plasma frequencies, ωpe and ωpi, are defined analogously.
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2.2. CONFINEMENT OF DUST PARTICLES

ion flow when the dust density is high enough and the neutral gas pressure is low enough.
In the most basic case, they propagate in the direction of the ion flow. However, dust-
density waves propagating obliquely to the ion flow have been observed and successfully
modeled as well [89, 90].

When the dust is weakly coupled, a fluid model for the dust can be employed. The first
model by Rao et al. [51] considered the continuity, Newton and Poisson equations for the
dust only, neglecting driving or loss effects. Over the years, many refinements for different
situations have been proposed, see e.g. [91–95]. Often, a three-fluid model is employed,
using the continuity and Newton equations for electrons, ions and dust, coupled by the
Poisson equation. The solution is a dispersion relation of the form

0 = 1 + χe + χi + χd (2.2)

with the electron, ion and dust susceptibilities χα; α = e,i,d. Generally, the susceptibilities
are given as

χα =
ω2

pα

k2v2
th,α − (ω − kvα,0)(ω − kvα,0 + iνα)

. (2.3)

Here, k and ω are the wave number and frequency, vα,0 are the mean (i.e., streaming)
velocities of the three species, vth,α are their thermal velocities, and να are their friction
coefficients. Some well-justified assumptions can radically simplify the dispersion relation.
While the streaming velocity of the ions must be considered for self-excited DDW, ve,0 =
vd,0 = 0 can be assumed as the dust is usually not streaming and the streaming velocity
of the electrons is negligible compared to their thermal velocity. The dust can be assumed
as cold; hence, vth,d = 0. Furthermore, the electrons are collision-free. For the ions and
the dust, the friction with the neutral gas, νin and νdn, must be considered; all other
contributions may be neglected. Finally, the DDW frequency is so small that its effect on
the electron susceptibility can be neglected. The resulting dispersion relation then reads
(see also article A3)

0 = 1 +
2ω2

pe

k2v2
th,e

−
ω2

pi

Ω(Ω + iνin)− k2v2
th,i/2

−
ω2

pd

ω(ω + iνdn)
. (2.4)

Here, Ω = ω − kvi,0 can be interpreted as the Doppler-shifted wave frequency that the
ions “see”.

The real part of the dispersion ω(k) gives the wave frequency and the imaginary part
gives the growth rate at a given wave vector k. In the self-excited case, the wave mode
with the highest growth rate will be the one that prevails. The dispersion relation is shown
in Fig. 2.1 for typical parameters of a laboratory plasma. It can be seen that the DDW
follows an acoustic dispersion, ω ∝ k, in the long-wavelength limit k → 0. Therefore, the
term dust-acoustic wave is often used for this wave mode [96].

2.2 Confinement of Dust Particles

To generate stable dust systems that can be studied, the dust particles must be confined.
Potentially, all the different forces can be exploited to trap particles in the discharge.
Some standard techniques for particle confinement have found wide use in dusty plasma
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CHAPTER 2. BASICS OF THE INVESTIGATED SYSTEM
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Figure 2.1: Real part (frequency) and imaginary part (growth rate) of the DDW dispersion
relation according to (2.4). The parameters were: Electron temperature kBTe = 3 eV (kB:
Boltzmann constant), electron and ion density ne = ni = 5×1014 m−3, neutral gas pressure
p = 20 Pa, electric field strength E = 100 V/m, particle radius a = 3.4 µm, dust density
nd = 5 × 1010 m−3, and floating potential φfl = −2.4kBTe/e. The mode with the highest
growth rate, indicated by the thin lines, is the one that will prevail in the self-excited
case.

research. While the ambipolar electric field present in the plasma bulk is not strong
enough to confine particles due to its electric field force Fel = QdE (with the electric field
strength E), the sheath electric field is. Under gravity conditions, the gravitational force
Fg = mdg (with the Earth’s gravitational acceleration g) on micrometer-sized particles is
dominant due to their a3 dependence. Therefore, on Earth, the particles sediment in the
lower sheath of the discharge, where they can be trapped due to the large sheath electric
field. This compresses the dust cloud into a nearly two-dimensional shape. To generate
large, relatively stress-free dust clouds, gravity must be eliminated or compensated.

When trapping particles in the sheath or compensating gravity by means of additional
forces such as the thermophoretic force [97–99] are not an option, experiments must be
performed under microgravity conditions. Several platforms have been used extensively
for dusty plasma research. There have been experiments on sounding rockets [23], on
parabolic flights (see e.g. [41,100–102]) and on the International Space Station (see e.g. [39,
40,44,103,104]). The experiments on phase separation presented in this thesis depend on
extended dust clouds. They use two species of particles with different radii, and therefore
it is not possible to compensate gravity for both species at the same time (because there
is no force other than gravity that scales with a3). These experiments are therefore
performed on parabolic flights.

2.2.1 The Dust Cloud under Microgravity

When dust is injected under microgravity conditions and reaches the plasma region, it
charges up negatively within microseconds, which is ‘immediately’ on the timescale of the
dust motion. Electric field force, ion drag force and interparticle force govern the dust
motion. The interplay of those forces is an important aspect of the work on phase separa-
tion that is part of this thesis. It was therefore intensely studied using numerical methods
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2.2. CONFINEMENT OF DUST PARTICLES
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Figure 2.2: The ion drag force and its components for a particle of radius a = 3 µm
according to the Khrapak/Hutchinson model [105, 106]. The orbit force Fcoul has its
maximum at u = vi/vth,i ≈ 1. For u � 1, the ion drag is dominated by the collection
force Fcoll. Other parameters: kBTe = 3 eV, ne = ni = 5× 1014 m−3.

and a more quantitative description will be given later. Here, the basic mechanisms that
lead to the characteristic shape of the dust cloud will be described.

Due to the formation of space-charge sheaths, the plasma attains a positive potential
- the plasma potential - with respect to the electrodes and chamber. The resulting sheath
electric field exerts an electric field force on the negatively charged particles pointing from
the sheath to the plasma bulk. This force is quite large, effectively confining the cloud of
dust particles in the plasma. The ambipolar electric field in the plasma bulk, in contrast,
is much lower. However, it causes a dust-free region in the discharge center, the so-called
void [23, 107]. The electric field steadily increases from the discharge center outwards,
which has two effects. First, the particles experience a steadily increasing electric field
force pushing them inwards. Second, ions are accelerated outwards and exert an ion drag
force that has a characteristic dependency on the ion flow velocity shown in Fig. 2.2. At
some point, the electric field force intersects the decreasing branch of the ion drag, forming
a stable equilibrium: Inside of this position, the ion drag outbalances the electric field
force and pushes particles out. Outside of this position, the electric field force outbalances
the ion drag and pushes particles in. This equilibrium position can be visualized using a
small amount of tracer particles that will accumulate at this position [108].

Although the force field is not curl free, the picture of a potential well around this
equilibrium position is legitimate. When many particles (a typical dust cloud consists
of millions of particles) are injected, their mutual repulsion leads to a Coulomb pressure
creating an extended dust cloud. On one hand, the void boundary is shifted to the
discharge center compared to above situation with only a few particles. On the other
hand, particles can fill the entire plasma volume up to the point where the large sheath
electric field sets in.

Following the cylindrical symmetry of most chamber and electrode configurations, the
dust cloud takes a radially symmetric shape as well. A central slice of a typical dust cloud
is shown in Fig. 2.3(a). The direction of the ion flow is indicated and the central void can
clearly be seen.
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CHAPTER 2. BASICS OF THE INVESTIGATED SYSTEM
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Figure 2.3: (a) Cross section of a typical dust cloud as imaged by the video diagnostics
of this thesis; see Sec. 3.1.2. The field of view (FoV), the electrodes and the direction
of the ion flow are sketched. The right image half was mirrored to create the image of
a full dust cloud. The image has been optimized for better visibility of the particles.
(b) Confinement of a dust cloud under gravity conditions: Gravitational force Fg and
sheath electric field force Fel balance in the sheath. A glass box ensures confinement in
horizontal direction. An extended dust cloud is formed due to the interparticle repulsion
Fip.

2.2.2 Trapping of Dust Clouds in the Sheath

The experiments on dust-density waves (DDW) under strong magnetic fields could not
be performed on parabolic flights as the required superconducting magnet cannot be
operated on an aircraft (or any other microgravity platform). When particles are injected
into a discharge on Earth, they are subjected to the gravitational force and start to
fall down. However, they are trapped in the lower discharge sheath where the electric
field is strong enough to counterbalance gravity. The sheath electric field is linear with
position [109,110], and therefore the particles levitate at a well-defined equilibrium height.

However, an extended dust cloud is needed to study DDW. The ions in the sheath flow
toward the electrode, and hence, self-excited DDW are expected to propagate downwards
as well. To observe the waves over several wavelengths, a dust cloud that has a vertical
extension of a few millimeters must be generated. A glass box placed on top of the
electrode can be used for horizontal confinement. Like any object in the plasma, the glass
walls charge negatively with respect to the plasma and a sheath forms. In the glass box,
an additional electric field force acts onto the particles that pushes them towards the
center and confines them in horizontal direction. As a result, a large number of particles
can be injected without being lost and those particles form a horizontally and vertically
extended dust cloud due to their mutual repulsion. A sketch of the confinement is shown
in Fig. 2.3(b).
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3 Experimental Setup

After the basic mechanisms of particle confinement have been discussed in the previous
chapter, the specifics of two experimental setups will now be described. The first setup
was used for the experiments on phase separation in binary dusty plasmas. The second
setup enables to investigate dust-density waves under strong magnetic fields.

3.1 Experiment 1: Extended Binary Dust Clouds on
Parabolic Flights

The parabolic flight experiments were performed on board the Airbus A310 “ZeroG”
operated by the french company NOVESPACE. The flights are organized in campaigns,
which consist of 3 to 4 flight days each. On each flight day, 31 parabolas are flown. Each
parabola provides about 22 s of microgravity time, preceded and followed by hypergravity
phases where the experiment is subjected to about 1.8 g. During the microgravity phases,
the gravitational acceleration is < 0.05 g in all directions.

3.1.1 General Setup

Figure 3.1(a) shows a sketch of the cylindrical plasma chamber. The chamber volume is
about 2 liters. It is evacuated and then filled with argon at pressures of p = 20...40 Pa.
A radio-frequency voltage (frequency frf = 13.56 MHz) is applied to two disc-shaped
electrodes with 80 mm diameter and a distance of 30 mm.

For the experiments on phase separation, it is crucial that the particles have a well-
defined size. Pre-manufactured spherical melamine formaldehyde (MF) particles are
bought and inserted into the plasma. These particles are monodisperse, i.e., they all
have (nearly) the same size, and the manufacturer measures and gives the size distri-
bution. During each parabola, one phase separation process can be measured. At the
beginning of the microgravity phase, particles are injected into the plasma using electro-
magnetically driven dust dispensers: The particles are contained in a little canister with
a sieve shaken by a magnetic coil.

The measurements of this thesis were obtained during four campaigns between 2017
and 2020. In total 272 measurements were conducted, of which 228 were finally analyzed.
The dust combinations depended on the dust sizes that were available from the supplier
Microparticles GmbH. Initially, two mean sizes were chosen: ā ≈ 2 µm and ā ≈ 3.5 µm.
Measurements with these sizes are included in article A1. Later, additional measurements
with ā ≈ 4.5 µm were performed and presented in article A2. The size difference was
between 3 and 10 %, typically.
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CHAPTER 3. EXPERIMENTAL SETUP
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Figure 3.1: Setup of the microgravity experiment: (a) Sketch of the plasma chamber and
its infrastructure, including dust dispensers, vacuum and electrical supplies. (b) Top view
of the diagnostics setup. Two cameras observe the same field of view through a beam
splitter. They are equipped with different bandpass filters.

3.1.2 Diagnostics

Due to the radial symmetry of the observed system, it is sufficient to observe a thin
slice. Furthermore, all forces relevant for phase separation act in radial direction and no
significant particle motion perpendicular to the observed plane is expected. Thus, the
2-dimensional particle motion in the observed plane is sufficient to describe the phase
separation. The diagnostic setup used for the experiments of this thesis is depicted in
Fig. 3.1(b). The particles are illuminated by a vertically expanded green laser sheet with
a thickness of about 0.5 mm.

Phase separation experiments use two (or more) species of particles simultaneously
that must be distinguished. When the particle properties are different enough, it is
possible to distinguish between the species based on their scattering intensity [111]. In
this thesis, however, the species are made of the same material and differ only slightly
in size. Therefore, other means of distinguishing between the species have to be found.
Pure melamine formaldehyde (MF) particles are used for one of the species. The other
species consists of MF particles that are doped with a rhodamine B (RhB) dye. When
these particles are excited by the green laser, they emit fluorescence light at 584 nm [112].

The camera arrangement that I implemented in my thesis can be seen in Fig. 3.1(b).
Two cameras are used to observe the particles. One of them (camera 1) is equipped with
a bandpass filter tuned to the laser wavelength of 532 nm. The other camera (camera 2) is
equipped with a 592 nm bandpass filter (bandwidth 43 nm), that transmits only the RhB
fluorescence light and allows to image only the RhB-doped species. Both cameras look
at the same field of view through a beam splitter. This way it is possible to distinguish
between the two species even at the smallest size differences. The field of view is about
47×35 mm2 and the spatial resolution is 20 µm/pixel. This is sufficient to detect individual
particles even at smaller dust sizes. Both cameras are mounted on a common carrier,
reducing shifts of the cameras relative to each other due to vibrations.
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3.2. EXPERIMENT 2: DDW UNDER STRONG MAGNETIC FIELDS

Figure 3.2: Setup of the D-MAG experiment: Vacuum chamber with infrastructure and
video diagnostics.

3.2 Experiment 2: Dust-Density Waves under Strong
Magnetic Fields

The experiments on dust-density waves have been performed under magnetic fields of up
to about 2 T using the superconducting magnet “D-MAG”. It is operated as a collaboration
between the groups of Thomas Sunn Pedersen at IPP and our group at the Institute of
Physics. The superconducting coil is cooled down to 4 K with liquid helium. The cryostat
has a bore of about 140 mm diameter in which a homogeneous magnetic field is achieved.
The coil is oriented so that the magnetic field lines are vertical.

The plasma chamber is inserted into the bore of the magnet and therefore access is
only possible from the top or bottom. The arrangement of the small cylindrical chamber
in the magnet is depicted in article A3. A sketch of the chamber is shown in Fig. 3.2.
There is only one horizontal disc-electrode, which is powered by an rf generator and a
matching network at 13.56 MHz.

The same type of pre-manufactured MF particles is used as in the microgravity ex-
periment. Particles are inserted with a dust dropper above the electrode. The particles
are trapped in a glass box on the electrode with inner dimensions of 19 × 19 mm2 and a
height of 12 mm. Self-excited dust-density waves form that propagate downwards in the
direction of the ion flow.

Because the waves propagate in the vertical direction, a vertical slice of the cloud is
to be imaged. Again, a video microscopy setup is employed. A green laser fan is fed into
the chamber through a port at the top and deflected by 90◦ using a mirror inside the
chamber, directly above the electrode. Another mirror under a right angle and another
port at the top are used to observe the scattered light with a video camera. A spatial
resolution of 18 µm/pixel is achieved, and the camera is capable of recording 200 fps.
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4 Experiments on Phase Separation
(A1, A2)

First experiments on phase separation at small size disparities were presented in Ref. [50].
There, I was involved in the planning and conduction of the experiments. Two basic
measurement schemes have been used:

1. A cloud consisting of the first species was created. After its stabilization, particles
of the second species were injected. It was found that the newly injected particles
displaced the other particles and the species did not mix even when the size disparity
was as small as ε = ∆a/ā = 0.03 (where ∆a is the radius difference and ā is the
mean radius of both species).

2. Both species were mixed prior to the experiment and injected together. In accor-
dance with the first method, it was found that the species separated during the
course of the measurement. This method has the advantage that the dynamics of
the separation process can be tracked. All measurements of my thesis therefore use
method 2.

The larger dust species was found to accumulate at the outside of the dust cloud.
Qualitatively, this can be explained by the size dependence of the plasma forces. While
the electric field force that pushes the particles inwards scales with a, the ion drag force
that pushes the particles outwards scales with a2. Therefore, the equilibrium is shifted in
favor of the ion drag force for the larger particles, yielding an equilibrium position that
is further out.

It was found that the process is of a diffusive character, meaning that it obeys Fick’s
first law

J = −D∇n, (4.1)

where J is the particle flux, n is the particle number density, and the proportionality
factor D is called the diffusion coefficient. In the case of phase separation, D < 0, so that
density gradients are further enhanced and the different species progressively separate.
This is also referred to as uphill diffusion. In Ref. [50], the uphill diffusion coefficient has
been determined for a measurement with ε = 0.045. The dust cloud has been manually
subdivided into four concentric regions and the particles in each region have been counted.
From this, the diffusion coefficient could be calculated according to Eq. (4.1).

It was found that the diffusion coefficient calculated from the early stage of the sep-
aration process (directly after dust injection) was much larger than the diffusion coef-
ficient obtained from the long-term evolution. From the first second of the measure-
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4.1. OVERVIEW OF THE DATA

ment, D = −6.4 × 10−6 m2/s has been determined. The long-term evolution yielded
D = −3.5× 10−7 m2/s.

A first quantitative assessment of the plasma forces has been done in [50] from a
fluid simulation of the plasma components using the SIGLO code. From that, a diffusion
coefficient of D = 1.3× 10−7 m2/s was predicted, which is of the same order of magnitude
but somewhat smaller than the measured long-term diffusion coefficient. It was concluded
that the plasma forces are supposedly responsible for the demixing of binary dusty plasmas
at small size disparities. However, the underlying mechanism was not fully understood at
this point. The goal of article A1 is the systematic experimental study of the separation,
using the improved diagnostic setup from Section 3.1.2, which allows to track individual
particles even at smaller radii of about 2 µm.

4.1 Overview of the Data

The particles can be tracked over several frames, yielding their full phase-space infor-
mation. Example snapshots are shown in Fig. 4.1(a). In this example, the RhB-doped
particles are the larger species. Camera 1 shows that while there is a slight loss of dust,
the overall dust distribution does not change substantially from the beginning of the se-
quence at t = t0 to t = t0 + 16 s. The RhB particles imaged by camera 2 are relatively
homogeneously distributed at t = t0, with small regions of higher density at the top and
bottom of the dust cloud. At t = t0 + 16 s, the RhB particles are depleted close to the
equatorial plane and they accumulate at the top and bottom. In conclusion, a distinct
phase separation can be seen in the measurement shown here, which mainly takes place
in the vertical direction.

The demixing is hard to investigate because the particle motion associated with it is
relatively slow. Due to the curl of the force field, vortex flows are generated [24, 25, 28].
The velocities due to the vortices are comparable to those of the demixing process, making
the effects hard to separate. Furthermore, vibrations and residual gravity cause a common
erratic motion of the whole dust cloud that can easily exceed those speeds. The velocity
field of a typical measurement and its curl are shown in Figs. 4.1(b) and 4.1(c). Although
only particles of one species are shown, their motion due to the phase separation cannot
be identified, whereas the vortices are clearly visible.

4.2 The Diffusion Coefficient

Using the full single-particle phase-space information, an improved method to determine
the diffusion coefficient has been implemented. As before, Fick’s first law (4.1) is em-
ployed. Instead of only four rather large regions, a 2 × 2 mm2 grid was used. The flux
~J = n~v and the density gradient ∇n were calculated on the grid. It was observed that
the phase separation happens mainly in the vertical z direction as seen in the example of
Fig. 4.1. Consequently, only the vertical component of Fick’s law was used,

Jz = −Ddn

dz
, (4.2)

where Jz is the vertical component of the flux.
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Figure 4.1: (a) Snapshots of camera 1 (all particles, left column) and camera 2 (fluorescent
particles only, right column). The situation directly after dust injection and stabilization
of the dust cloud (t0, top row) as well as towards the end of the sequence (t0 +16 s, bottom
row) is shown. In this measurement, the particles had diameters of 2aMF = 6.84 µm and
2aRhB = 7.12 µm. The images have been inverted and enhanced for better visibility of the
particles. (b) Velocity field temporally averaged over the whole sequence. Here, only the
RhB particles from camera 2 were considered. (c) Curl of the velocity. The superimposed
boundaries of the dust cloud were obtained from the detected particle positions.

Figures 4.2(a) and 4.2(b) show the spatially resolved quantities Jz and dn/dz obtained
from the fluorescent particles imaged by camera 2. Both panels show the quantities
averaged over 0.5 s from the middle of the sequence. In the depicted measurement, the
RhB particles were the larger species. It can be seen that the flux is positive (upwards)
in the upper hemisphere of the dust cloud and negative (downwards) in the lower. This
outward motion of the dust is consistent with the expectation that the larger species
accumulates at the outside. At 15 mm < x < 25 mm, there is a region where the flux
takes opposite sign compared to the prevailing direction in the respective hemisphere.
This can be attributed to the vortex motion; compare Fig. 4.1(b). Similarly, it can be
assumed that a part of the intense flow at 30 mm < x < 40 mm is due to the vortices.

The density gradient is nicely homogeneous and indicates that the density of the larger
particles increases nearly linearly with increasing distance from the equatorial plane. At
the top and bottom, the sharp outer boundary of the dust cloud causes large density
gradients which are not related to the demixing. Thus, those regions were masked for
further analysis as indicated by the shaded areas in Fig. 4.2(b).

As mentioned, the flux still contains strong signatures of the vortices. Furthermore,
flux and density gradient are somewhat noisy at this grid size due to the discreteness
of the particles. It is therefore not possible to determine a spatially resolved diffusion
coefficient. However, when Jz and dn/dz are plotted against each other, a linear fit can
be performed and its slope gives the diffusion coefficient, as demonstrated in Fig. 4.2(c).
The retrieved diffusion coefficient D = 1.3 × 10−6 m2/s integrates well with the values
determined in Ref. [50]; it lies between the short-term and the long-term values.
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Figure 4.2: Steps to determine the diffusion coefficient. (a) and (b) Flux and density
gradient of the RhB particles, respectively, in vertical direction. The quantities were
computed on a 2 × 2 mm2 grid. The shaded areas in (b) mark cells that were excluded
from the further analysis. (c) Linear fit to obtain the diffusion coefficient.

4.3 A Measure for Phase Separation

The procedure introduced in article A1 and described in the following relies on the par-
ticles’ positions only and is fully automated. The following ellipsoidal coordinate was
chosen empirically:

b(i) =
1

12 mm

{[
xi −min (xi, 12 mm)

4

]2

+ z2
i

}1/2

. (4.3)

For each particle i at position (xi, zi), it gives a value between 0 and approximately 1
depending on whether a particle is close to the void (b = 0 would be at the discharge
center) or at the outer regions of the dust cloud.

Now, all measurements that had been acquired up to this point could be analyzed.
After sorting out data sets with incomplete data due to technical problems, insufficient or
excessive amounts of dust or other irregularities, 175 data sets (out of 217) from parabolic
flight campaigns in 2017 and 2018 remained for further analysis. Here, the data processing
approach will be illustrated using two data sets. For data set 1, the RhB particles were
the larger species, while for data set 2 the MF particles were the larger species. Therefore,
a signed definition of the relative size disparity, ε = (aRhB − aMF)/ā, will be used in the
following. As expected, it can be seen from the snapshots in Figs. 4.3(a) and 4.3(b) that
the larger species accumulates at the outside, while the smaller species accumulates closer
to the center of the dust cloud. First, b is calculated for each particle in each analyzed
frame of both cameras. Its distributions are shown in Figs. 4.3(c) and 4.3(d). In both
cases, the distribution from camera 1 that includes all particles does not change much
with time. The distribution of the fluorescent particles, however, exhibits a peak that is
present from the beginning on but further steepens with time. For data set 1, this peak
lies at b ≈ 0.7 and for data set 2, it lies at b ≈ 0.4, reflecting the behavior seen in the
snapshots.

It is desirable to have a single number that characterizes a measurement with respect
to its demixing behavior to easily evaluate a number of measurements. As the next step
towards such a quantity, the ellipsoidal coordinate of all particles per frame is averaged,
resulting in the averaged distances b̄all (from camera 1) and b̄RhB (from camera 2). For
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Figure 4.3: Ellipsoidal coordinate method: Snapshots of two data sets with (a) ε = +0.04
and (b) ε = −0.09 towards the end of the sequences. In (a), the density of the (larger) RhB
particles is lower in the central region than at the top and bottom. In (b), the (smaller)
RhB particles accumulate around the void, while the outer regions are completely depleted
from RhB particles. The total size of the cloud can be seen due to RhB agglomerates
that trace the outer boundary of the dust cloud. (c), (d) Radial distributions of the
RhB particles and ‘all’ particles corresponding to the data sets shown in (a) and (b),
respectively. (e), (f) Mean radial distances b̄all and b̄RhB as well as their ratio for the first
data set. (g), (h) Same as before, but for the second data set.

the example data sets, the averaged distances are shown in Figs. 4.3(e) and 4.3(f). In
accordance with the previous results, b̄ of the larger species is larger than b̄ of the smaller
species. In both cases depicted here, a difference exists from the beginning on, indicating
that a part of the separation process already happened before the start of the analyzed
sequence. Then, the difference between b̄all and b̄RhB increases further, reflecting a pro-
gressing phase separation.

The ratio b̄RhB/b̄all combines the behavior of both species into one quantity and com-
pensates common fluctuations to a certain degree. A fully mixed system is characterized
by b̄RhB/b̄all = 1. When the RhB particles accumulate at the outside (inside), the ratio
is > 1 (< 1). This is seen for the two previous examples in Figs. 4.3(g) and 4.3(h). The
time averaged ratio B = 〈b̄RhB/b̄all〉t finally merges all information regarding the phase
separation into a single number per measurement. A graph showing B versus ε with this
technique is included in article A1.
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Figure 4.4: Distributions of RhB and reconstructed MF particles of both data sets.

While the RhB particles are exclusively imaged by camera 2, the pure MF species
cannot be directly accessed. The distributions of ‘all’ particles and the averaged radial
positions b̄all are still masked by the RhB particles. An approach to reconstruct the pure
MF particles has therefore been developed and presented in article A2. In theory, the MF
particles can be reconstructed from the ‘all’ particles by removing the ‘RhB’ particles.
However, that requires a one-to-one assignment of particles in both cameras. Thus, the
calibration and stability of both cameras relative to each other is crucial. Because vibra-
tions cannot completely be eliminated, a slight deviation of particle positions is allowed.

The data analysis was repeated using the reconstructed MF and the RhB particles.
The resulting distributions can be seen in Fig. 4.4. They obviously show a more distinct
separation of the distributions as now both species are compared directly, while previ-
ously the RhB particles were compared to ‘all’ particles that included the RhB particles
themselves.

4.4 Ellipsoidal Coordinate: Results and Discussion

To finally conclude the experimental study, B = 〈b̄RhB/b̄MF〉t was calculated for 228
measurements recorded on the 2017 to 2020 parabolic flight campaigns. All data points
B vs. ε are shown in Fig. 4.5 (a). First thing to note is that the mean particle size does not
play a role. Data points with mean radii ā ≈ 2µm, 3.5µm and 4.5µm integrate into the
same curve. For most ε there is some scatter of the corresponding B values obtained from
different measurements. Most probably, the main reasons for that are residual gravity and
the hard-to-control amount of injected dust. While most measurements were performed
at the same plasma conditions (Prf = 2 W, p = 30 Pa), we have performed power and
pressure variations. We did not find any significant correlation between those parameters
and B. All measurements regardless of power and pressure are therefore included in
Fig. 4.5.

For each ε, the mean and the standard deviation of B were calculated, see Fig. 4.5(b).
The error bars in B are the standard deviation of the underlying data points. The error
bars in ε were calculated from the distribution of particle radii as given by the manufac-
turer. There is a clear correlation between B and ε. While one would expect B = 1 for
ε = 0, however, the data points are shifted towards higher B. This indicates a systematic
trend towards a state where the RhB particles are further out than expected from the
particle sizes alone. There are two basic ways a difference of plasma forces between the
particle types could emerge: First, there might be effects that cause a deviation of the
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Figure 4.5: (a) Averaged mean distance ratio B of all 228 analyzed measurements calcu-
lated from the RhB and the reconstructed pure MF particles. (b) Mean B of each dust
mixture. The error bars in B give the corresponding standard deviation. The error bars in
ε were calculated from the width of the dust size distribution given by the manufacturer.

true particle size from the manufacturer value. And second, in addition to the linear
dependency of the charge on the particle size, there might be more effects that cause
differences of the plasma forces.

For the first group, the RhB-doped particles might age differently than the pure MF
particles, e.g., by absorbing water from the air during storage. For the second group,
as the size disparity and the force differences are small, already small additional forces
on one of the species could explain the observed behavior. Different surface properties
of the particle types could modify the ion trajectories and, hence, the ion drag force.
And while generally charge collection is considered the only relevant charging mechanism
in low-temperature laboratory plasmas, there are other mechanisms that depend on the
surface properties. As the size and, hence, the charge disparity is small, even the slightest
influence of those mechanisms could change the force difference considerably.

Hence, precise measurements of phase separation could in the future be used as a tool
to precisely compare the charges of different particles and maybe gain a better under-
standing of the fundamental charging processes. To assess and eliminate the influence of
the surface or material properties, it would be necessary to determine the particle size
without the necessity to use doped particles for one of the species. The polarization
of the scattered laser light might be exploited to establish such a size diagnostic (see
e.g. [113–116] for previous works). Cameras with integrated polarizers have recently be-
come available and could enable such an in-situ size diagnostic even under the restrictions
present on parabolic flights. However, it remains to be determined whether the required
precision can be achieved.

Finally, residual gravity was found to be a problem as the velocities connected to the
phase separation are small. Measurements on other microgravity platforms might reduce
this disturbing influence. As it is not possible to use a larger number of different dust
species on the International Space Station, drop tower experiments, which offer excellent
microgravity as well, might be an interesting option.
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5 Simulation of Phase Separation (A2)

Apart from the general desire to better understand the plasma forces on the dust particles,
the following questions have emerged from the experimental observations:

• What is the role of the interparticle interaction in jamming the phase separation?

• What is the influence of the vortices on the phase separation?

• Can the fact that the separation happens mainly in the vertical direction be repro-
duced and explained?

To further assess the plasma forces and their influence on the phase separation and to
answer those questions, a simulation has been set up. The procedure and its results were
presented in article A2. A two-step process was employed: First, the non-dusty plasma
was simulated, yielding its spatially resolved properties. These are then used to compute
the plasma forces that act on the particles. In a second step, the particle dynamics was
simulated using those forces.

5.1 Simulation of the Plasma and Force Assessment

The SIGLO software1 was used for the simulation of the (non-dusty) plasma [117, 118].
It is a two-dimensional fluid code, i.e., it treats the electron and ion components of the
plasma as individual fluids. The simulation yields the electron and ion densities, ne and ni,
the electron temperature Te, and the plasma potential V . These quantities were exported
time-averaged over many (� 100) rf cycles for further processing.

As discussed earlier, the size disparity was identified in the experiments as the main
influence on the phase separation. For the main study, the most used experimental param-
eters (pressure p = 30 Pa and peak-to-peak voltage Urf = 75 V, roughly corresponding to
a power of Prf = 2 W) were used. Additionally, simulation runs have been performed for
pressures of p = (20, 25, 35, 40) Pa at Urf = 75 V and for voltages of Urf = (55, 65, 85, 95) V
at p = 30 Pa. SIGLO tends to produce slightly vertically asymmetric results. Therefore,
the data has been made symmetric by taking the mean of the top and bottom half of the
simulated discharge.

Now, the plasma forces on the dust particles can be calculated. The forces considered
here are the electric field force and the ion drag force. First, the particle charge has to be
determined. OML theory overestimates the charge for typical parameters considered here
because it does not take collisions into account. After comparison with experimentally
determined particle charges in similar experiments [86,105,119,120], the floating potential

1SIGLO-2D, version 1.1, Kinema Software.
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Figure 5.1: (a) Total force on particles with radius a = 3.5 µm as obtained from the
SIGLO simulation. The magnitude of the force is color-coded while its direction is given
by the arrows (whose length is normalized). (b) Force component in x direction, Fx, along
the equatorial plane of the discharge. (c) Total force in x direction on particles with radii
a1 = 3.15 µm, F1, and a2 = 3.85 µm, F2. Additionally, the force difference ∆F = F2 − F1

is included.

Φfl = −kBTe/e was chosen to calculate the charge. Then, the electric field force follows
directly from the gradient of the plasma potential.

For the collisionless ion drag force, the Hutchinson/Khrapak model [105,106] generally
works well. Hutchinson and Haakonsen performed numerical simulations to assess the
collisional ion drag force [121]. It was found that it can be described in terms of a
correction factor to the collisionless Hutchinson/Khrapak model. At the parameters used
here, the corresponding collisional force factor is close to 2. The total plasma force
then becomes Ftot = Fel + 2Fi, where Fi is the collisionless ion drag force from the
Hutchinson/Khrapak model.

The resulting force Ftot is shown in Fig. 5.1. The interplay of electric field force and
ion drag force that leads to the typical confinement can be seen in Figs. 5.1(a) and 5.1(b).
Due to the different scaling of the electric field (Fel ∼ a) and ion drag (Fi ∼ a2) forces
with the particle radius, the force balance changes slightly for particles of different size.
To further discuss the force balance, the force difference for two types of particles with
radii a1 = 3.15 µm and a2 = 3.85 µm is shown in Fig. 5.1(c).

Due to the symmetry of the situation, only x > 0 [as shown in Fig. 5.1(c)] will be
discussed here. The forces are positive at x < 37 mm, meaning that the particles are
pushed outwards. At x > 37 mm, the force is directed inwards with a steep increase
towards larger x. The equilibrium position of the larger species is slightly further out,
which is one reason one would expect the larger species to accumulate further out than the
smaller species. The force difference is positive for x < 39 mm, meaning that the larger
species is not only pushed out more inside the equilibrium position, but also pushed less
towards the center outside of the equilibrium position. These two effects are supposed to
drive the phase separation.

5.2 Simulation of the Dust Dynamics

For the simulation of the particle behavior, the interparticle forces have to be considered
in addition to the “external” plasma forces. A molecular dynamics (md) simulation in its
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most basic form treats individual particles. In each time step, all forces acting on each
particle are calculated and the particles are moved accordingly. Thus, the interaction
of each particle with all other particles has to be calculated and the computation time
scales with N2, where N is the particle number. In dusty plasmas the interaction is
shielded. Then, it is sufficient to consider only particles inside a cutoff radius as all other
contributions are negligible, greatly reducing the number of interactions to be computed.
Here, a cutoff radius of three Debye lengths was chosen.

The simulation was performed with the free LAMMPS code [122] which includes a
number of optimizations. The computation of the interparticle forces was done on a
graphics card using the “GPU” package [123–128]. Since it was desired to perform a
large number of simulations to study the phase separation at different parameters, it is
still not feasible to simulate the whole dust cloud consisting of millions of particles. The
simulations thus had to be restricted to smaller systems, which will be introduced later.

Apart from the interparticle forces, the force field calculated from SIGLO [see
Fig. 5.1(a)] is considered, which includes the electric field and ion drag forces. Addi-
tionally, the neutral drag force Fn = −mdβv, where v is the particle’s velocity, is con-
sidered. The friction coefficient β is calculated according to the well-established Epstein
formula [129]. The md simulation does not take into account the electron, ion and neutral
components of the dusty plasma directly. However, the LAMMPS code allows to perform
a Langevin dynamics simulation. In this extension of a pure md simulation the parti-
cles are immersed in a heat bath with a controlled temperature and therefore the kinetic
temperature of the particles can be controlled. Each time step roughly consists of the
following steps: (1) calculating the interparticle and neutral drag forces, (2) interpolating
the pre-computed electric and ion drag force fields onto the particle positions, and (3)
moving the particles according to the sum of all forces. The time step was chosen as
dt = 5× 10−5 s.

5.3 Data Analysis

First, simulations of a simple slab geometry were performed and presented in article A2.
There, it was concluded that Coulomb collisions play an important role in jamming the
phase separation. In the next step, a radial, curl-free geometry was constructed. This
allowed to investigate the phase separation in a system without vortices. The force profile
either along the x axis (as shown in Fig. 5.1(b); denoted radial geometry I) or along the z
axis (denoted radial geometry II) were taken as the radial force. Finally, the full force field
from Fig. 5.1(a) was used to simulate a slice of the experimental situation. The results
will be presented alongside each other, so that the role of the vortices can be assessed.

To keep the computation time manageable, the systems were restricted to a “2.5-
dimensional” situation. The simulation volume was chosen so that it could accommodate
the whole dust system in the observation plane (x and z direction). In the perpendicular
y direction, a thickness of 0.4 mm and periodic boundary conditions were used. Mean
particle radii of ā = 2 µm, 3.5 µm and 4.5 µm were chosen as most of the dust combinations
available for the experiments cluster around these mean radii as well. The particle number
N was chosen after a few test runs so that the particle number density and the overall
size of the system resemble the experimental situation.
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Figure 5.2: Snapshots of (a), (c) the simulated radial geometry I and (b), (d) the realistic
geometry. (a) and (b) show the systems at t = 0, when the force difference is switched
on. (c) and (d) show the systems after 5 s simulated time. The two particle species had
sizes of a1 = 3.15 µm and a2 = 3.85 µm. For clarity, only every third particle is shown.
(e) and (f) show the trajectories of every 20th particle from t = 0 to t = 5 s.

Simulations have been performed for various values of the size disparity ε. N/2 par-
ticles of each species are randomly positioned. As before, the system is initialized to an
equilibrium state by running the simulation for 5 s using force fields calculated for the
mean size ā for both species. Then, at t = 0, the force fields corresponding to the “true”
particle radii a1 = ā(1 − ε/2) and a2 = ā(1 + ε/2) are switched on. Snapshots of the
systems are shown in Fig. 5.2. For the experimental situation, it can be seen that the
overall shape of the dust cloud is well reproduced. From the trajectories in Fig. 5.2(f), it
can be seen that the vortex motion is reproduced as well. In contrast, no vortex motion
was found for the curl-free radial geometry [Fig. 5.2(e)], as expected.

The largest ε = 0.2 considered in this thesis is shown in Fig. 5.2 and the separated
state can clearly be identified at t = 5 s for radial geometry II and the realistic geometry.
In the former case, there is a central region that stays mixed and two outer shells that
contain only species 1 respectively species 2 particles. In the realistic geometry, as in
the experiment, the separation takes place in the vertical direction, and the system stays
mixed around the equatorial plane. Radial geometry I does not exhibit phase separation
at all and is therefore not shown. It can be concluded that the smaller force difference
along the horizontal direction, in contrast to the vertical force difference, is too small to
effectively drive the phase separation on the investigated time scale due to jamming.
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Figure 5.3: (a), (b) Radial distributions of both species for radial geometry II and the
realistic geometry. As before, the radii were a1 = 3.15 µm and a2 = 3.85 µm. (c),
(e) Temporal evolution of the mean distances b̄1 and b̄2 of the runs from (a) and (b),
respectively. (d), (f) Corresponding mean distance ratios b̄2/b̄1.

5.4 Results

The analysis proceeds analogously to the experimental data. For the realistic geometry,
the ellipsoidal coordinate (4.3) was used. The radial geometry was analyzed simply by
means of the radial position

b(i) =
√
x2
i + z2

i . (5.1)

The distributions are shown in Figs. 5.3(a) and 5.3(b). For both systems, they show a
central mixed region where the force difference is too small to cause phase separation.
Further out, there is a splitting of the species 1 and species 2 distributions already at
t = 1 s.

The averaged radial positions, b̄1 and b̄2 in Figs. 5.3(c) and 5.3(e), as well as their
ratio b̄2/b̄1 in Figs. 5.3(d) and 5.3(f) all indicate that the system starts fully mixed at
t = 0 and the species then separate during the course of the simulation run.

Finally, the temporally averaged mean distance ratio B = 〈b̄2/b̄1〉t was calculated, and
the results are compiled in Fig. 5.4. It can be noted that there is hardly any separation
for radial geometry I at any ε considered here. Radial geometry II and the realistic
geometry show the same behavior: B increases steadily with increasing ε. At any given
ε, B decreases with increasing ā. The dependence of the separation on the mean radius
is interesting as it was not observed experimentally. It may be explained by the following
consideration: It was found by analyzing the force fields that the force difference scales
about linearly with ā. Both forces that obstruct the phase separation - interparticle forces
and neutral gas drag - however, scale with ā2. Therefore the phase separation is easier to
drive when the particles are smaller.
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default parameters p = 30 Pa, Urf = 75 V, T = 1000 K. Shown are (a) the two investigated
radial geometries and (b) the realistic geometry.

In addition to the variation of ε, a number of other parameters was studied. Gen-
erally, the expected trends are found. The phase separation becomes less pronounced
with increasing pressure and, hence, increasing neutral gas drag. With increasing particle
number, the interparticle (Coulomb) forces progressively block the particle drift due to
the separation. In contrast, the Coulomb blockade is weakened with increasing temper-
ature and weaker coupling. A higher rf voltage finally leads to higher electron and ion
densities as well as a larger electric field, resulting in larger forces and, hence, a larger
force difference, so that the separation is more intense.

Comparing the simulations with the experimental results, two facts suggest that the
forces are underestimated by the simulation. First, B is closer to 1 in the simulations
(Fig. 5.4) than in the experiment (Fig. 4.5). And second, it was found that particles can
enter the void in the simulation at some sets of parameters (e.g., lower rf voltages). In
contrast, a stable void is formed in experiments regardless of the choice of parameters.
However, it was shown that the simulation reproduces the experiments well, so that the
basic mechanisms discussed here are valid. In the future, full self-consistent simulations of
all plasma species (electrons, ions, and dust) could be enabled by more capable hardware
and advanced algorithms and might be a big step forward.
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6 Dust-Density Waves in Magnetized
Plasmas (A3)

Another collective phenomenon in dusty plasmas are dust-density waves. While they
have been intensely studied for more than 20 years (see e.g. [22, 82, 104, 130–135]), the
experimental techniques that allow to study DDW under strong magnetic fields have
only recently become available. Measurements of basic properties of strongly magnetized
dusty plasmas such as dust charge, electron and ion densities are therefore rare; see
e.g. [66–68, 136–139] for some earlier studies. To be precise, even at such high fields, the
dust particles are hardly magnetized, but the electrons and ions are [63, 73]. However,
the magnetized electron and ion trajectories can influence the dust. Due to the restricted
space in the hot bore of the magnet, it is hard to install any diagnostics or manipulation
devices other than a basic video microscopy setup. A method developed recently by
Tadsen et al. [69, 70] promises interesting new insights. There, the dependence of the
dust-density wave dispersion on several plasma and dust properties is exploited. From
the measured properties of self-excited dust-density waves, quantities such as ion density,
dust charge, etc. can be deduced. In article A3, this method was applied to a dusty
plasma under fields of up to 2 T.

The setup used for the measurements presented in this thesis was introduced in
Sec. 3.2. Three experimental runs have been performed. Run I used MF particles with
diameter 2a = 1.04 µm. For runs II and III, MF particles with 2a = 3.55 µm were used.
The rf power was about 2 W and the pressure was between 7 and 9 Pa for all runs. Each
run started with the injection of the dust at no magnetic field. Then, multiple magnetic
fields of up to about 2 T were set and an image sequence of 5 s length at 200 fps each was
recorded.

A snapshot of a typical dust cloud can be seen in Fig. 6.1(a). The dust-density waves
propagate downward, in the direction of the ion flow. Due to the way the experiment was
set up, the magnetic field B also points in this direction1. The wave fronts are parallel to
each other and in the central region, where the dust cloud reaches its maximum vertical
extent, the system spans about two wavelengths. For a first assessment of the wave
properties, a periodogram is a good tool. It allows an overview of the spatiotemporal
behavior of the wave. First, the spatially resolved dust density is needed, which is given by
the image intensity I(z). Here, I(z) is obtained from horizontally averaging the measured
pixel intensities in the central region marked in Fig. 6.1(a). Stacking I(z) of all recorded
frames next to each other gives the periodogram shown in Fig. 6.1(b). Here, a section of

1In this section, B consistently refers to the magnetic field strength rather than the averaged mean
distance ratio of the previous chapter.
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Figure 6.1: (a) Snapshot of the cloud of 3.55 µm particles. The dashed region of 1.4 mm
width marks the region over which the image intensity was averaged horizontally. (b)
Periodogram of a section of run I (1.04 µm particles). In this situation with coherent
waves, the phase speed is given by the slope of the wave fronts as demonstrated by the
dashed line.

run I (2a = 1.04 µm) at B = 0 is shown. Under these conditions, the waves are nicely
coherent. The wavelength λ is given by the distance of two neighboring wave crests, while
the frequency f is given by their temporal spacing. The phase velocity c can be extracted
from the slope of the wave crests in the z-t space.

6.1 Wavenumbers and Frequencies

As soon as the waves are either not as coherent as above or a more automated, objective
analysis is needed, the periodogram method runs into its limits. In the following, the
instantaneous phase of the wave is calculated. It can be obtained from the analytical
signal A(z, t) = I(z, t) + iÎ(z, t), where Î(z, t) is the Hilbert transform of the intensity
I(z, t). The instantaneous phase is then given by φ(z, t) = atan2[Î(z, t)/I(z, t)]; see
e.g. [55, 69,133,140,141]). The phase maps were discussed in article A3.

Now, the wavenumber and wave frequency were determined for all recorded sequences
(i.e., magnetic field settings). For the frequency, the Fourier transform of the pixel inten-
sity I(z, t) was calculated for each position z. The resulting power spectra were averaged
over the position, which gives the power density shown in Figs. 6.2(a) and 6.2(b).

The wavenumber k = 2π/λ was determined using two different techniques. First, it
can be derived from the instantaneous phase as k(t) = dφ(z, t)/dz ≈ ∆φ(z, t)/∆z. For
the numerical evaluation, a position in the center of the dust cloud was chosen and ∆z was
of the order of one wavelength: For run I, ∆z ≈ 1 mm and for run II, ∆z ≈ 2 mm. As the
method yields one k(t) for each of the recorded 1000 frames per sequence, their distribution
can be calculated and is shown in Figs. 6.2(b) and 6.2(e). Second, the phase velocity c
was manually obtained from the phase maps as the slope of the wave crests. Then, the
wavenumber follows from k = ω/c, where the dominant frequency from above was used
as ω. The wavenumbers obtained using this technique are marked in the distributions,
Figs. 6.2(c) and 6.2(d).

At low fields and at the highest fields, the sequences with 2a = 1.04 µm and 2a =
3.55 µm show a similar behavior. At low fields (B ≤ 38 mT for run I, B ≤ 8 mT for run
II), the frequency spectra show distinct maxima that are especially sharp for the smallest
fields and run I. The second harmonic is visible in the spectra as well. The wavenumber
also features a clear peak. It can be concluded that the waves are nonlinear but fairly
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Figure 6.2: (a), (b) Color coded: Power spectral density (PSD) of the DDW averaged
over the height of the dust cloud versus sequence number. The symbols in (a) mark the
frequency with the highest PSD. (c), (d) Distribution of wavenumbers k versus sequence
number. The symbols show the wavenumbers determined from the phase velocity. The
quantities in (a) to (d) are shown as a function of the sequence number. The corresponding
magnetic field strengths are shown in panels (e) and (f). There, B = 0 (sequence number
1) was arbitrarily set to B = 5 × 10−3 T for presentation purposes. Panels (a), (c) and
(e) correspond to experimental run I using 1.04 µm particles whereas panels (b), (d) and
(f) correspond to experimental run II using 3.55 µm particles.

coherent at these fields for both runs, which is consistent with the earlier findings.
At high fields of a few hundred milliteslas, both runs show relatively coherent waves

as well. Finally, at the highest fields of B ≥ 1 T, the wave activity is suppressed and
only oscillations of some individual particles remain. Now, the interesting regime of
moderate fields will be considered. Here, both runs exhibit a different behavior. In run I,
the frequency spectrum shows a broad distribution of frequencies between approximately
20 and 50 Hz and wavenumbers between 2000 and 7000 m−1. The broad distribution is
already anticipated in sequences 3 to 5, where the spectra are broadened compared to
sequences 1 and 2. In the intermediate regime, the spreads of f and k suggest that the
mode present at low fields (f ≈ 40 Hz, k ≈ 7000 m−1) and the mode present at high fields
(f ≈ 25 Hz, k ≈ 3000 m−1) coexist.

The coherent wave mode exhibited by run II at the lowest fields has a lower frequency
(f ≈ 24 Hz) and wavenumber (k = 2000 m−1) than the one in run I. In contrast to run
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I, at intermediate fields between B = 18 mT and B = 870 mT the frequency spectrum
remains clearly peaked. In addition to the second harmonic, fractional harmonics at 1

2
f

and 3
2
f appear at those fields. In the range B = 18 mT to B = 345 mT the wavenumber

distribution shows a peak at about k = 1600 m−1 with strong harmonics at 3k and 5k.
At higher fields, the distribution becomes broader and no dominant wavenumber can be
identified, until the waves get more coherent again as described above.

In conclusion, both runs show coherent waves at the lowest fields and in a range at
high fields, just before the waves become suppressed at the highest fields. In run I, there
is an interaction of two modes with different frequencies. Run II, in contrast, shows inter-
acting modes with different wavenumbers, while the frequency stays well defined. Further
investigation of this interesting behavior must be set aside for future experiments using a
larger number of different particle types and a systematic variation of other parameters.

6.2 Dust-Density Waves as Diagnostic Tool

Now, the dispersion relation of the dust-density waves, Eq. (2.4), is applied to yield some
dust and plasma properties. It should be noted that, although it does not explicitly include
a magnetic field, it still applies to the experiment of this thesis, where the magnetic field
lines are parallel to the wave propagation [70, 142, 143]. First, the measured dominant
wave mode (ωm, km) is determined. For any given set of parameters, the model yields the
dispersion ωr(k) + iωi(k), where ωr is the wave frequency and ωi is the growth rate. Then,
a set of parameters is determined where (1) the wave frequency of the model matches
the measured value, ωr(km) = ωm, and (2) the growth rate ωi(km) reaches its maximum.
Condition (2) is derived from the fact that the waves are self-excited, i.e., the wavenumber
with the highest growth rate is expected to dominate.

The dispersion relation contains too many free parameters to allow a reasonable fit
without any further constraints. Therefore, parameters either have to be determined
from the measurement, or known dependencies between parameters have to be employed
to reduce the number of free parameters. The dust density has been obtained from the
interparticle distance in the recorded images. The electron and ion temperatures have
been estimated based on typical values for dusty plasmas. The electron density in the
sheath was assumed to be ne = 0.5×ni. The dust-neutral collision frequency was obtained
from the Epstein model [129]. The electric field E was obtained from the force balance of
gravitational force and electric field force, ZdeE = mdg, that leads to the levitation of the
dust cloud. The ion mobility µi was determined from the Frost formula [144]. Then, the
ion drift velocity follows according to vi = µiE. Finally, the ion-neutral collision frequency
is νin = e/miµi. The ion density ni and the dust charge Zd remain as free parameters,
which will be obtained by fitting the model to the measured values.

The fits were performed for all sequences shown in Fig. 6.2. An example is given in
article A3. The results for ni and Zd are shown in Figs. 6.3(a) and 6.3(b), respectively.
There, the results of all three runs are included. As outlined above, the wavenumbers have
been determined using two different techniques. In the case of run I, the wavenumbers
obtained from the phase velocity coincide well with the maximum of the wavenumber
distribution and have therefore been taken as the dominant wavenumbers km. Although
the frequency spectrum shows a broad distribution at many values of the magnetic field,
the frequency with the highest PSD was taken as the dominant frequency ωm = 2πfm.
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Figure 6.3: (a) Ion densities ni and (b) charge numbers Zd obtained from fitting the
dispersion relation to the measured wave properties.

For runs II and III, the frequency spectrum is clearly peaked, making the frequency with
the highest PSD a natural choice for ωm. Here, the wavenumber distribution is broader
and often features multiple maxima. The wavenumbers from the phase velocity have been
used as they follow the lowest maximum. An error assessment can be found in article A3.

First, it can be noted that the results of run II and run III coincide quite well, especially
for the dust charge. The ion density obtained from those runs is about ni = 3× 1014 m−3

and does not change significantly with varying B. Run I yields ion densities of about
ni = 1.5 × 1014 m−3. As the experiments were conducted under very similar conditions
regarding pressure and rf power, one might expect matching values. The difference might
be due to the simplifications of the model. For example, the ion drag force might have
to be considered in the levitation condition. As it scales with a2, that might explain the
different results with different particle sizes, while the runs with the same particles yield
consistent results. However, the densities obtained here are typical for the sheath of low
power rf discharges [87]. Furthermore, the fact that the density shows only little variation
with B was recently found with probe measurements at up to 0.1 T as well [145].

The dust charge is about Zd ≈ 500 for run I. Runs II and III show a slight decrease of
Zd with increasing B from Zd ≈ 2000 at B = 0 to Zd ≈ 1600 at B = 1.5 T. The ratio of
the dust charges nicely matches the size ratio (3.55 µm to 1.04 µm), which is expected from
the linear scaling of Zd with a given by the OML model. In other experiments, similar
values for Zd were found [57, 86, 87, 146]. One might argue that, due to the restriction of
the electron and ion trajectories to helical orbits about the field lines in the magnetized
plasma, the electron and ion fluxes would be reduced and a reduction of Zd would be
expected with increasing B. Although such a trend is suggested by runs II and III, the
effect is much smaller than one might expect. However, previous experiments [67, 147]
as well as simulations [148–150] have only found a small influence of B on the particle
charge.
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7 Summary

Two phenomena exhibiting driven dynamics in spatially extended dusty plasmas have
been investigated. The first part of my thesis concentrated on phase separation in binary
systems at small size disparities. Phase separation in such systems was only recently found
and had not been thoroughly analyzed. A diagnostic setup was constructed that allows
to access the two types of particles as independent quantities even at the smallest size
disparities. Temporally resolved diffusion coefficients could be determined that reflected
the separation process.

A radial position method was employed to conduct a systematic study on a large num-
ber of data sets obtained on parabolic flights. It was shown that the temporally averaged
ratio of the radial positions of both species is suitable to characterize a measurement
with respect to the separation behavior. A correlation between the size disparity and the
averaged distance ratio was found.

The fluorescent particles tended to accumulate further outside than would be expected
from the size disparity alone. One possible explanation is that the fluorescent particles
might age differently than the non-fluorescent particles. Furthermore, this also poses
interesting questions regarding the fundamental dust-plasma interactions.

Numerical modeling of phase separation in different geometries was performed and
compared to the experimental findings. Three different geometries of growing complexity
have been simulated by means of a molecular dynamics (md) code. In a simple slab
geometry, it was found that Coulomb collisions substantially impede the particle flux.

The experimental results on phase separation were generally reproduced when using
forces from a fluid simulation of the (non-dusty) plasma. In addition to the dependence
on the size disparity, correlations between the separation and several other parameters
were found. The comparison with a curl-free geometry suggested that vortex structures
do not substantially influence the phase separation.

In the second part of my thesis, dust-density waves (DDW) have been used as diag-
nostic tool. A recently proposed technique was adapted for the current physical system,
and ion densities as well as particle charges could be determined. The basic principle
relies on fitting a dispersion relation of the DDW to the measured wave properties. Here,
this was done at magnetic fields of up to 2 T in the sheath of an rf discharge. The dust
charge was found to vary only slightly with changing magnetic field strengths.

When evaluating the wave properties, an interesting behavior was found at inter-
mediate field strengths of a few hundred milliteslas. The smaller particles exhibited a
broadening of their frequency spectrum, while their distribution of wavenumbers still
showed a single (albeit very broad) peak. The larger particles, however, always featured a
sharply defined frequency, whereas their distribution of wavenumbers developed distinct
harmonics.
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Experimental investigation of phase separation in binary dusty plasmas under microgravity

Stefan Schütt ,* Michael Himpel , and André Melzer
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Three-dimensionally extended dusty plasmas containing mixtures of two particle species of different size
have been investigated under microgravity conditions. To distinguish the species even at small size disparities,
one of the species is marked with a fluorescent dye, and a modified two-camera video microscopy setup is
used for position determination and tracking. Phase separation is found even when the size disparity is below
5%. Particles are tracked to obtain the diffusion flux, and resulting diffusion coefficients are calculated to be
about −10−6 mm2/s, which is in the expected range for a phase separation process driven by plasma forces.
Additionally, a measure for the strength of the phase separation is presented that allows us to quickly characterize
measurements. There is a clear correlation between size disparity and phase separation strength.

DOI: 10.1103/PhysRevE.101.043213

I. INTRODUCTION

Phase separation is an interesting topic as it can be studied
in a number of widely different systems. There have been
studies of phase separation, e.g., in binary liquids [1,2], col-
loidal systems [3–5], metallic alloys [6,7], and polymer blends
[8] as well as dusty plasmas [9–11]. Binary systems, i.e.,
systems in which mixtures of two particle species are present,
belong to the simplest possible class in which phase separation
can be studied. They are therefore often chosen for laboratory
investigations.

Phase separation in charged particle systems is found due
to spinodal decomposition [12] when the charge disparity
�Z/Z̄ exceeds a certain threshold. In dusty plasmas (accord-
ing to orbital-motion-limited theory) the charge is propor-
tional to the particle size, so that a large size disparity causes
a large charge disparity. In early studies of phase separation in
binary dusty plasmas [13,14], the relative size disparity ε =
�d/d̄ (where �d is the difference of the respective diameters
of the two particle species and d̄ is the mean diameter) has
been chosen to be relatively large, i.e., ε > 0.2. In the case
of such a large size disparity, the phase separation has been
attributed to asymmetries in the interparticle interaction [15].

However, Killer et al. have observed that phase separation
occurs in binary dusty plasmas even if the size disparity is
small (ε < 0.05) [16], which cannot be explained by classical
models of spinodal decomposition. It has been found, how-
ever, that the phase separation is of a diffusive character, i.e.,
the particle flux �J is proportional to the gradient of the particle
number density �∇n according to Fick’s first law

�J = −D �∇n. (1)

Here the proportionality factor D is the diffusion coefficient.
Note that D takes negative values in the case of phase sepa-
ration (demixing or uphill diffusion), i.e., �J and �∇n pointing
in the same direction. To determine D using this relation, one

*stefan.schuett@physik.uni-greifswald.de

would need access to the particle number density as well as
the particle flux. As their data quality was not good enough
to obtain �J using particle image velocimetry or particle-
tracking velocimetry, a different method has been used by
Killer et al. [16]. The dust cloud was divided into relatively
large regions, and �J was calculated at the region boundaries.
The phase separation for this small size disparity has finally
been attributed to an imbalance of the plasma forces acting
on the particles, namely, the ion drag force and the electric
field force. However, the study contained only a very limited
set of ε. It is therefore desirable to study binary systems at
small size disparities more systematically. Furthermore, better
cameras with a higher spatial as well as temporal resolution
now allow one to determine the flux �J with much higher
spatial resolution.

When the size disparity is small, two particle species
cannot be distinguished based on their scattering intensities.
Therefore, a technique using fluorescent particles has been
introduced by Killer et al. [16]. Particles marked with rho-
damine B have been used for one of the species, emitting
fluorescence light at a different wavelength than the illumi-
nation. Two cameras equipped with appropriate filters have
then been used to distinguish the species. Here we present
an improved version of that diagnostic setup with two high-
resolution video cameras observing the same field of view
giving access to the full phase-space information of both par-
ticle populations on the single-particle level. The dynamics of
the phase separation process has been observed and diffusion
coefficients have been obtained from the data. Afterwards, a
measure for the strength of the phase separation is introduced
that allows us to quickly characterize measurements, making
it possible to systematically study phase separation at different
plasma parameters and size disparities.

II. EXPERIMENTAL SETUP

The measurements were conducted under micrograv-
ity conditions on parabolic flights to generate a three-
dimensionally extended dust cloud in which phase separation

2470-0045/2020/101(4)/043213(9) 043213-1 ©2020 American Physical Society
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TABLE I. Properties of the used particle mixtures. The mean
particle sizes d and standard deviations σd are the values given by
the manufacturer for the respective batches used. MF denotes pure
melamine formaldehyde particles, whereas RhB denotes rhodamine
B-dyed particles. See text for the definition of the relative size
disparity ε.

No. dMF (μm) dRhB (μm) ε

1 3.50 ± 0.07 3.87 ± 0.08 +0.100 ± 0.030
2 3.55 ± 0.08 4.02 ± 0.09 +0.124 ± 0.033
3 3.81 ± 0.09 3.87 ± 0.08 +0.016 ± 0.032
4 3.81 ± 0.09 4.02 ± 0.09 +0.054 ± 0.033
5 3.93 ± 0.07 3.87 ± 0.08 −0.015 ± 0.028
6 4.04 ± 0.08 3.87 ± 0.08 −0.043 ± 0.029
7 6.50 ± 0.08 6.80 ± 0.17 +0.045 ± 0.029
8 6.78 ± 0.12 7.02 ± 0.08 +0.035 ± 0.021
9 6.84 ± 0.07 7.12 ± 0.15 +0.040 ± 0.024
10 7.01 ± 0.08 6.38 ± 0.15 −0.094 ± 0.025
11 7.01 ± 0.08 7.12 ± 0.15 +0.016 ± 0.025
12 7.01 ± 0.08 7.47 ± 0.12 +0.064 ± 0.021
13 7.17 ± 0.08 6.80 ± 0.17 −0.053 ± 0.027
14 7.17 ± 0.08 7.02 ± 0.08 −0.021 ± 0.016
15 7.23 ± 0.09 7.02 ± 0.08 −0.029 ± 0.017
16 7.30 ± 0.10 7.02 ± 0.08 −0.039 ± 0.018

can be studied. The experiments have been performed in the
modified IMPF-K2 plasma chamber described earlier [17].
Here a capacitively coupled radio frequency discharge at
13.56 MHz is ignited between two disk electrodes with a
discharge gap of 30 mm and a diameter of 80 mm. The rf
power is Prf = 1.2 to 4 W. The working gas is argon at a
pressure of p = 20 to 40 Pa. Most of the measurements are
conducted at Prf = 3 W and p = 30 Pa. Dust particles are
injected using electromagnetically driven dust shakers. We
use monodisperse, spherical melamine formaldehyde parti-
cles. Before each flight, the containers of the dust shakers
are prepared with mixtures of two types of particles having
slightly different mean diameters: one of the species is made
of standard melamine-formaldehyde (MF) particles (denoted
as MF particles), the other species is made of rhodamine
B-doped MF particles (denoted as RhB particles).

A central slice of the particle cloud is illuminated by a
vertically expanded green laser sheet with a thickness of about
0.5 mm at a wavelength of λlaser = 532 nm. When excited by
the laser, the RhB particles emit fluorescence light at λRhB =
584 nm. Both the RhB and MF particles also scatter the light
from the illumination laser. The cloud of the particle mixture
is observed by two cameras. One of the cameras is equipped
with a (592 ± 43) nm bandpass filter blocking the scattered
light from the illumination laser and most of the plasma glow.
This camera (in the following denoted camera 2) captures only
the RhB particles. The other camera (camera 1) is equipped
with a (532 ± 10) nm bandpass filter to block the plasma glow
and, hence, enhance the contrast. As it directly observes the
scattered laser light, this camera captures all particles. In that
way it is possible to distinguish between the particle species
during the phase separation process.

The diameters of the used mixtures of MF and RhB parti-
cles, dMF and dRhB, respectively, can be found in Table I. The

camera 1
plasma
chamber

camera 2

beam splitter

(532±10) nm
filter

(592±43) nm
filter

dust particles
λRhB = 584 nm

electrode

electrode

75 mm

30 mmFoV

(b)

(a)

λ laser = 532 nm
laser sheet

x

y

x

z

FIG. 1. (a) Side view and (b) top view of the experimental setup.
The field of view of the cameras is denoted by FoV. The coordi-
nate system introduced here will be used throughout the following
analysis.

mean diameters and their standard deviation as given by the
manufacturer are given here. Using the diameters of the MF
and RhB particles, the relative size disparity can be written as

ε = �d

d̄
= dRhB − dMF

(dRhB + dMF)/2
. (2)

Defined in this way, ε > 0 when the RhB particles are larger
than the MF particles and ε < 0 when they are smaller.

The two cameras observe the same area through a beam
splitter. The field of view has a size of (45 × 30) mm2 and
covers slightly more than half of the (symmetric) dust cloud.
Figure 1 shows a sketch of the geometry. The cameras have
a spatial resolution of about 17 μm per pixel and can run at
up to 385 fps (frames per second) at full resolution, enabling
detection and tracking on the single-particle level. This gives
us access to the particle fluxes �J in the whole field of view.
Combined with the possibility to distinguish between particle
species, this makes a description of phase separation in binary
dusty plasmas on the kinetic level possible.

The measurements presented here have been obtained
during two parabolic flight campaigns in 2017 and 2018,
consisting of four and three flight days, respectively. On each
day 31 parabolas are flown, providing 22 s of microgravity
per parabola. It is desirable to inject the needed amount of
dust as quickly as possible at the beginning of each parabola,
using multiple dust shakers filled with the same mixtures
simultaneously. Because the number of dust shakers that can
be mounted to the chamber is limited, at most four different
particle mixtures can be used per flight day. On the 2017
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FIG. 2. The four panels show snapshots of both cameras at the
start and at the end of a typical measurement. The images have
been inverted and optimized to enhance the visibility of the particles.
(a) and (c) Camera 1 (all particles); (b) and (d) camera 2 (fluorescent
particles only). (a) and (b) Directly after stabilization of the dust
cloud; (c) and (d) 16 s later.

campaign, mixtures no. 1 to no. 8, no. 13, and no. 14 (num-
bering according to Table I) were investigated, whereas on the
2018 campaign, mixtures no. 8 to no. 13, no. 15, and no. 16
were used. In total, 175 usable data sets could be obtained, all
of which will later be used in Sec. IV.

III. THE DIFFUSION COEFFICIENT

In this section the data analysis is presented that makes
use of the full phase-space information on the single-particle
level to obtain (uphill) diffusion coefficients. The data quality
allows us to obtain spatially resolved particle fluxes and
densities of the two populations from which the diffusion
coefficient can be calculated using Eq. (1).

A. Overview

First, to get an impression of the appearance of the data,
(inverted) snapshots of one measurement are shown in Fig. 2.
The same data set will also be used as an example throughout
the following sections. The sequence was recorded at a frame
rate of 200 fps. The pressure was 30 Pa, and the rf power 2 W.
Dust combination no. 9 was used and, thus, the fluorescent
particles were larger than the MF particles (dMF < dRhB, ε =
+0.04). The four panels show the images of both cameras
shortly after injection of the dust and stabilization of the dust
cloud (top row) as well as 16 s later (bottom row). The phase
separation can clearly be seen: At the beginning, the particles
are distributed homogeneously across the whole dust cloud in
both cameras, so the RhB and the MF particles are mixed.
Later, camera 2 shows that the RhB particles agglomerate
in the top and bottom parts of the cloud, exhibiting a much
higher number density there than in the central region. This is
the expected behavior according to the model of Killer et al.
The ion drag force and the electric field force scale with d2 and
d , respectively. Hence, for the larger particles, the outward-
pointing ion-drag force outbalances the inward-pointing elec-
tric field force, and the equilibrium position is shifted
outwards compared to the smaller particles. Meanwhile,
the overall dust distribution does not change significantly,

as shown by camera 1. However, it can be seen that the
total number of particles in the dust cloud decreases during
the measurement, resulting in a decreasing overall particle
number density. This is mainly caused by two dust-loss chan-
nels: First, particles leave the cloud at the outer edges due
to imperfect confinement, and, second, there was a residual
drift into the other (not observed) half of the chamber due to
residual gravity, especially during the 2018 campaign.

After dust injection and stabilization of the cloud, the
remaining measurement time of each parabola is about 10
to 15 s. To allow phase separation processes to take place
during this time, ε must not be too small. On the other hand,
when ε is chosen too large, the particle populations already
separate during the insertion of the dust. As we are interested
in the dynamics of the phase separation here, intermediate
values of ε are chosen. As an estimation of relevant speeds,
we consider a particle of the large species that travels from the
void boundary to outer edge (distance about 10 mm) during
the observation time (about 10 s), resulting in an observable
phase separation speed of about 1 mm/s.

B. Particle tracking

We start the analysis of the phase separation sequence
when most of the dust is visible in the region of interest
and the void has started to form. The dust cloud does not
have to be fully stabilized yet. The pull-out maneuver of the
plane (when the apparent gravity changes from 0 g to 1.8 g)
marks the end of the analyzed sequence. Particles are detected
in the entire sequence, and their positions are determined
using the moment method [18,19] with an additional sobel
filter. Typically, between 10 000 and 20 000 particles are
found per frame. The particles are then tracked from frame
to frame. The tracking algorithm is based on a Kalman filter
for prediction and a nearest-neighbor search to find the best
successor position of a particle in the current frame based
on its previous positions. The velocity is determined by a
central difference using three consecutive positions to obtain
one velocity data point without further smoothing.

For a first overview of the particle dynamics, an overall
flow field is calculated by averaging the particle velocities on
a 2 × 2 mm2 grid for the RhB particles. The result is shown
in Fig. 3(a) as a temporal average over the entire sequence.
The dust-loss channels to the top and bottom as well as to the
left, out of the field of view, can clearly be seen. Furthermore,
there is a double-vortex structure right of the void. Particles
starting at the void flow to the right in the equatorial plane.
They eventually separate into one upward-moving and one
downward-moving stream that move to the left again close to
the top and bottom edge of the cloud, respectively, and finally
unite again near the void edge. The vortex is not completely
closed, which hints at an out-of-plane motion that cannot
directly be observed with our diagnostic. However, out-of-
plane motion can be neglected for the analysis of the phase
separation, which occurs in-plane. Figure 3(b) shows the
curl of the velocity field �∇ × �v revealing the vortex structure,
indicated by the green and blue regions above and below the
equatorial plane where the curl has an opposite sign but a
similar absolute value.
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FIG. 3. Exemplary results of particle detection and tracking. The
same data set as in Fig. 2 is shown, and the images of camera 2
(RhB particles) have been used. (a) Velocity field on a 2 × 2 mm2

grid, temporally averaged over the whole data set. (b) Curl of the
velocity field, calculated on the same grid as in (a) and averaged over
the whole data set as well. The overlaid contour of the cloud was
obtained from the particle density of camera 1.

Such vortex structures have been investigated previously
and are driven by the outward-pointing ion flow [20,21]. The
typical flow speed of the particles due to the vortices is of
the order of 1 mm/s and, hence, in the same range as the
phase separation speed. Thus, the vortex motion and the phase
separation are of comparable strength. While Fig. 3(a) clearly
reveals the vortex motion, an outward motion, which would
be expected for these RhB particles, is hardly seen. The vortex
motion becomes suppressed at higher pressures (p > 40 Pa),
but increasing the pressure is not a viable solution, because,
then, insertion of the dust would be difficult and the formation
of a stable cloud would take too long due to the higher neutral
drag force at such high pressures. The phase separation would
also be slowed even more and would not be observable in
the available measurement time. Therefore, strategies have to
be found to differentiate the phase separation from the vortex
motion.

C. Diffusion flux and density

Basically, the diffusion coefficient is calculated from
Eq. (1). As already mentioned and visible in Fig. 2, the larger
species agglomerates mainly at the top and bottom of the dust
cloud and not so much at the right of the field of view. It is
therefore reasonable to consider only the z direction for the
following calculation. With this, we have the relation

D = − Jz

dn/dz
, (3)

where Jz is the z component of the flux. With the velocity field
from above we have the flux �J = n�v on the grid. The particle
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FIG. 4. Vertical component (a) of the flux Jz and (b) of the
gradient of the particle number density. (c) Linear regression to
obtain the diffusion coefficient. All data have been averaged over
a 0.5 s interval in the middle of the measurement. (d) Diffusion
coefficient from the linear regressions.

number density n is obtained by counting detected particles on
the same 2 × 2 mm2 grid that has already been used before.
Additionally, the density is calculated on a second grid that
has the same mesh size, but is shifted by 1 mm in the z
direction. This allows us to take the difference between two
vertically adjoining grid cells to obtain the density gradient
dn/dz at the positions of the main grid.

These calculations are done for each frame and then aver-
aged over time slices of 0.5 s each. As we are interested in the
dynamics of the phase separation, only positions from camera
2 are used. An instant from the middle of the sequence is
shown in Figs. 4(a) and 4(b). It can be seen that when the RhB
particles are the larger species, Jz is mostly positive above
the equatorial plane and negative below it. This supports the
observation that the RhB particles agglomerate at the top and
bottom of the dust cloud. However, Jz shows traces of the
vortex motion: Around x = 20 mm there are blue cells above
and red cells below the equatorial plane, indicating a net flow
towards the equatorial plane in these regions. Similarly, the
outward-pointing flow at x > 30 mm (indicated by the intense
red area above the equatorial plane and the blue area below
it) is presumably higher than would be caused by the phase
separation alone. It is therefore inappropriate to calculate a
locally resolved diffusion coefficient from this flux as this
would as well contain significant contributions by the vortex
motion.

The density gradient has a nearly constant absolute value
in the whole dust cloud with positive sign above and nega-
tive sign below the equatorial plane, meaning that the RhB
density is constantly increasing with increasing distance from
the equatorial plane. At the very top and bottom, distinct
regions strike the eye where the gradient takes large values
and an opposite sign compared to the rest of the respective
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hemisphere of the dust cloud. These are simply caused by
the sharp outer boundary of the dust cloud where the density
drops from a large value to zero and are therefore not con-
sidered for further analysis. The corresponding grid cells are
determined and excluded manually, as indicated by the shaded
regions in Fig. 4(b).

D. Diffusion coefficient

Apart from the signatures of the vortex motion in the flux
mentioned above, Jz and dn/dz are too noisy to calculate
a locally resolved diffusion coefficient according to Eq. (3).
Thus, the diffusion coefficient is determined by accounting
for all grid points from the same time slice. The diffusion
coefficient then results from a linear fit of the measured flux
to the density gradient. In this way, the temporal resolution
of 0.5 s can be preserved. An example of the fit is shown in
Fig. 4(c) for the same time slice as in Figs. 4(a) and 4(b).
Finally, the fits for all 0.5 s time slices yield the temporal
evolution of the diffusion coefficient as shown in Fig. 4(d).
The error of the diffusion coefficient was calculated from the
error in the slope of the linear fit.

As already mentioned, the diffusion coefficient is negative
because the particles exhibit uphill diffusion during the phase
separation, further accumulating in areas where the density
is already high. In the beginning, D is small during the dust
injection and stabilization of the dust cloud and then quickly
reaches a minimum at about D = −1.5 × 10−6 m2/s between
t = 2 s and t = 8 s. This is the main phase separation process.
At t > 8 s the absolute value of D decreases again as more and
more particles reach their equilibrium positions. Killer et al.
[16] determined values of D = −6.4 × 10−6 m2/s for the
early stages and D = −3.5 × 10−7 m2/s for the later stages of
the separation process. Our value of D = −1.5 × 10−6 m2/s
lies well within this range, suggesting that the phase separa-
tion is as discussed in Ref. [16] driven by an imbalance of the
ion drag and electric field forces on the particles.

As mentioned above, the analysis of the phase separation
dynamics is possible only in a restricted range of ε. The size
disparity where phase separation becomes observable during
a parabola has been found to be about |ε| ≈ 0.03. At smaller
size disparities the phase separation is so slow that it cannot be
detected within the measuring time provided by the parabolic
flight or there is no phase separation at all. When the absolute
value of the size disparity is larger than about |ε| ≈ 0.05, both
populations have already reached their equilibrium positions
as the dust cloud settles, and there is no more motion that can
be attributed to the phase separation. Therefore, the range of
ε this method of determining D can be applied to is limited to
about 0.03 < |ε| < 0.05. We have also found that the method
does not work for all data sets in this range, probably because
the determination of �J is very sensitive to disturbances due to
vibrations and residual gravity. The temporal average of the
diffusion coefficient D̄ is collected in Table II for four data
sets. Even though data sets have been selected for analysis that
did not show obvious perturbations due to residual gravity, the
diffusion coefficients for the two measurements using mixture
no. 8 differ significantly.

TABLE II. Temporal average of the diffusion coefficient of four
selected data sets. The mixture no. refers to the numbering in Table I.
The relative size disparity is given here again.

Mixture no. ε D̄ (10−6 m2/s)

8 +0.035 ± 0.021 −0.76
8 +0.035 ± 0.021 −0.28
9 +0.040 ± 0.024 −0.90
13 −0.053 ± 0.027 −0.58

IV. RADIAL POSITION AS A MEASURE FOR PHASE
SEPARATION

Particle tracking is computationally expensive, hence it
is not practicable to conduct the above analysis on a large
number of data sets. On the other hand, a systematic study
of the behavior of binary systems is desirable. In this section
we will present a measure for the phase separation that relies
on the particle positions only. As the particle detection itself
takes only a small fraction of the computation time needed for
the tracking as presented in Sec. III, the approach that follows
is much faster.

Furthermore, while the possibility to follow the demixing
process gives interesting insights, it limits methods that de-
pend on it to small size disparities. The method that follows
can also be applied to larger size disparities, when the phase
separation already completes during the settling of the dust
cloud.

The concept of the radial position

For each particle detected in a frame recorded at time t ,
a radial position parameter b is calculated according to the
formula

b(i, t ) = 1

12mm

{[
xi − min (xi, 12 mm)

4

]2

+ z2
i

}1/2

, (4)

where (xi, zi ) is the position of the ith particle detected in
the respective frame. The distance ball(i, t ) accounts for all
particles seen in camera 1 and bRhB(i, t ) for the fluorescent
particles in camera 2. The calculation of the radial position has
been chosen so that lines of constant distance follow the shape
of the void and the dust cloud; see Fig. 5(a). Basically, it is a
modification of the Euclidean distance between the particle
and the b = 0 line where additionally the distance in the x
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FIG. 5. (a) Definition of the radial position parameter b as given
in the text. (b) Example for one frame from the beginning of
the sequence. The detected particles of camera 2 are color-coded
according to b. The solid lines denote b = 0 and b = 1, respectively.
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FIG. 6. Radial distribution of particles for (a) data set 1 and
(b) data set 2. For each data set, six points in time are shown. The
fluorescent particles ( f (bRhB), red) accumulate at high b (data set 1)
or low b (data set 2), respectively, whereas the overall distribution of
particles ( f (ball ), black) nearly stays constant.

direction is scaled by a factor of 0.25. A value of zero means
that a particle is in the center of the void. The scaling factor
1/12 makes a particle at the outer edge of the cloud have a
value of about one. Figure 5(b) shows the radial distance of
the particles detected in one frame. It can be seen that the
radial position defined above reflects the shape of a typical
dust cloud quite well.

To demonstrate the further processing of the data, the
example data set from the previous section (dRhB > dMF,
ε = +0.04) is used again, denoted data set 1. Additionally,
a second data set (data set 2) is added. That one uses dust
combination no. 10 (dRhB < dMF, ε = −0.09), while all other
parameters are the same as for data set 1. Due to the opposite
sign of ε for the two data sets, opposite behavior is expected
with regard to phase separation. The normalized histogram of
all b(i, t ) belonging to the same frame t corresponds to the
radial distribution of the particles. When camera 1 is used,
we yield the overall radial dust distribution f (ball )db, whereas
when camera 2 is used, we yield the distribution of the RhB
particles f (bRhB)db. Figure 6 shows these distributions for
both data sets. It can be seen that f (ball )db does not change
much over time in both data sets. Note that there is no
correction of the geometric effect that with increasing b a
range of the same width corresponds to an increasing area. For
data set 1, f (bRhB)db shows a peak at b ≈ 0.8 right from the
beginning that increases and steepens even more with time.
This means that even before the dust cloud has fully stabilized,
the larger RhB particles accumulate in the outer parts of the
dust cloud as expected, and this effect continues. Data set 2
shows the inverse effect. Here a peak at b ≈ 0.4 is present
from the beginning and increases even more than in the case of
data set 1. The more pronounced peak may be due to the larger
absolute value of the size disparity compared to data set 1. In
both examples, it can clearly be seen that the distributions of
all and the fluorescent particles differ more and more as time
progresses.

To get one step closer to the goal of having a single number
to characterize the dust distribution, it is reasonable to take the
mean over all particles

b̄all(t ) = 〈ball(i, t )〉i,

b̄RhB(t ) = 〈bRhB(i, t )〉i (5)
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FIG. 7. Separation parameter averaged over all particles in each
frame b̄all (all particles) and b̄RhB (fluorescent particles only) for
(a) data set 1 and (b) data set 2 and (c) and (d) their respective ratio
b̄RhB/b̄all.

for each frame and each camera. The result can be seen in
Figs. 7(a) and 7(b). As expected, b̄RhB is larger than b̄all, and
the difference is constantly increasing in the case of data set
1, where the fluorescent particles are the larger species and
accumulate on the outer edge of the cloud. For data set 2,
where the fluorescent particles are the smaller species and
accumulate close to the void edge, b̄all is increasingly smaller
than b̄RhB. There are fluctuations on the timescale of several
seconds that affect b̄all and b̄RhB in the same way. For example,
an overall shift of the dust cloud due to residual gravity,
especially in the x direction, can cause such a behavior. To
proceed further, the ratio b̄RhB/b̄all is used as it reflects the
differences between the two populations in a single num-
ber per frame while it compensates for common, unwanted
fluctuations. Figures 7(c) and 7(d) show this ratio for both
data sets. Values of b̄RhB/b̄all > 1 mean that the RhB particles
accumulate outside of the MF population, and b̄RhB/b̄all < 1
means that the RhB particles are closer to the void than the
MF population.

V. RESULTS AND DISCUSSION

Averaging the ratio b̄RhB/b̄all again, this time over all
frames of a sequence, yields the temporally averaged mean
distance ratio

B = 〈b̄RhB(t )/b̄all(t )〉t (6)

as a single parameter quantifying this data set. The presented
analysis has been done for all 16 mixtures from Table I, and
the results are shown in Fig. 8. For each of the mixtures,
between three and 21 usable data sets could be obtained, yield-
ing a total of 175 data sets shown individually in Fig. 8(a).
We have verified that the data points from the same mixture
but different flight days and even campaigns overlap. Hence,
there seems to be no systematic error due to the dispenser
positioning or other external conditions that might vary on
long timescales. The dust mixtures can be divided into two
groups: one with sizes of about 4 μm (no. 1 to no. 6 according
to Table I) and one with sizes of about 7 μm (no. 7 to no.
16). It can be seen that the data points for the two groups
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FIG. 8. Space- and time-averaged separation parameter of all
analyzed data sets. (a) Individual data points. Red circles show
mixtures with a mean diameter in the 4 μm range, whereas blue
crosses show data sets with a mean diameter in the 7 μm range.
(b) Mean values and standard deviations of ε and B for each mixture.
There is a clear correlation between the two quantities. The dashed
lines indicate the expected center of symmetry.

basically lie on the same curve; When considering points of
similar ε, the scatter of the points from either the small or
the large dust is comparable to the scatter of points from both
groups. Consequently, there is no influence of the absolute
particle size on the phase separation. Regarding the particle
sizes, the relative size disparity seems the only quantity that
determines the phase separation. Furthermore, we did not find
any significant influence of the neutral gas pressure, rf power,
or the amount of dust on the phase separation.

It should be mentioned here that the selection of particle
diameters is limited to the batches available from the manufac-
turer. Therefore, the dust sizes cannot be chosen completely
freely, and there are no two mixtures with the exact same ε.
Instead, all data points sharing the same size disparity were
obtained using the same mixture. Since we have more than
one measurement for each mixture, it is possible to determine
the mean and the standard deviation of B for each mixture,
which are shown in Fig. 8(b). The error bars for ε have been
taken from Table I. Note that these give the width of the
distribution of particle diameters and not the uncertainty of
the mean.

There is a clear trend towards increasing B with increasing
size disparity. This is expected when considering the model
by Killer et al. [16], where the difference of the plasma

forces increases with increasing size disparity. However, the
relation between ε and B is not completely linear. Instead,
there seems to be a saturation at B ≈ 1.15 for ε > 0.04.
Neglecting this saturation for the moment and considering
only the nearly linear part (ε � +0.04), one would expect
a symmetric behavior around the point (ε = 0, B = 1) due
to the fact that equally sized particles that do not separate
at all yield B = 1. But interestingly, there seems to be a
shift towards higher B, and the data points are symmetric
around (ε = 0, B ≈ 1.1). Practically, this means that the RhB
particles tend to accumulate at the outer parts of the cloud
more than one would expect considering only the particle
sizes. To make the particles accumulate near the void (B < 1),
we had to use mixtures with ε < −0.05, whereas for −0.04 <

ε < 0, we have B > 1.
This leads us to the conclusion that there is a systematic

additional effect between the different dust species. There
might be differences between the plasma forces neglected
here. In our case, there could be influences during the storage
of the particles, e.g., the particles might aggregate water from
the air over time. Because not all particles for one experiment
have been purchased at the same time, there is a possibility
that the MF and the RhB particles of a mixture have undergone
different aging processes. This would explain differences
between mixtures with similar ε. For example, the mixtures
around ε ≈ +0.05 show a large variation in B. An aging effect
that affects one of the particle types more than the other would
explain the overall shift towards higher B. Aging could modify
the surface properties of the particles as well as their density
and size. Regarding the particle size, the diameter given by
the manufacturer may not be accurate enough anymore at
the point the particles are finally used in our experiments.
Discrepancies between the provided size and microscopic as
well as Mie ellipsometry measurements have already been
found earlier [22–24]. Although in situ diagnostics of the
dust size have recently been performed with high precision
[25], it was not possible to implement a similar diagnostic
in our experiment due to technical restrictions. A change
of the particle mass or size during the measurement can be
caused by outgassing of water [24,26], etching in the plasma
[22,25,27,28], or the deposition of sputtered material [26].
Those effects are unlikely in our case because the particles
are used for only about 20 s and discarded after each parabola.
Furthermore, MF particles in a low-power argon discharge are
not susceptible to etching.

Up to here, it has been assumed that the OML charging
model applies and the particle charge is proportional to the
particle size with the same proportionality factor for both
particle species. However, if the electron and ion currents
onto the particles were influenced by their surface properties,
MF and RhB particles of the same size could attain different
charges. Likewise, modified ion trajectories would lead to
different ion drag forces on the two species. It is generally
believed that charging mechanisms other than charge collec-
tion are negligible in laboratory dusty plasma experiments like
ours. However, if phenomena such as secondary emission,
photoemission, or thermal emission, which depend on the
surface properties, played only a minor role, the resulting
effect on the charge could suffice to explain the observed
behavior. This question has to be set aside for further high-
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precision measurements which might give interesting insights
into the basic principles of dusty plasma physics.

Additional laser forces might play a role here. When laser
photons are absorbed by the RhB particles and fluorescence
photons are emitted isotropically, the resulting momentum
transfer is different than for scattering, and this could influ-
ence the phase separation. However, as the laser penetrates
the observation volume from the side, the additional force is
expected to point sidewards, whereas we analyze the motion
in the vertical direction.

The saturation at B ≈ 1.15 that was mentioned earlier may
be caused by our method: In the cases where B reaches
values of about 1.2, the particles already separate during
dust injection and stabilization of the dust cloud and are
already completely separated at the beginning of the analyzed
sequence. Using our method, we cannot track even faster
separation because there is no possibility to determine (or
even sensibly define) the radial position of a particle in a
cloud that is still forming and rapidly changing its shape. But,
in contrast to the method from Sec. III, which depends on
tracking the process, it is still possible to yield a meaningful
B when the analysis is started after the phase separation has
already completed.

As can be seen in Fig. 8(b) it would be interesting to
perform the experiment with particles with a narrower size
distribution. Our method handles overlapping size distribu-
tions of the RhB and the MF particles correctly. Spatial
regions that contain particles of both species appear in both
distributions f (b)db and, hence, are accounted for in the same
way in the determination of B. But narrower size distributions
would result in more well-defined data points. Furthermore,
an in situ size diagnostic would allow an analysis independent
of potential aging of the particles.

VI. SUMMARY

In a dusty plasma experiment under microgravity, phase
separation has been found even for small size disparities far
below the threshold for spinodal decomposition. We have
used high-resolution video cameras that allowed us to follow
the phase separation process on the kinetic level. Spatially
resolved particle fluxes and densities were determined. From
those quantities, diffusion coefficients could be extracted that
describe the phase separation. We obtained values of about
D = −1.5 × 10−6 m2/s, which is negative because the parti-
cles exhibit uphill diffusion. The order of magnitude suggests
that the phase separation is driven by an imbalance in ion drag
and electric field forces.

Furthermore, a method has been presented that allows
to quickly characterize measurements with respect to their
phase-separation behavior. A total of 175 data sets have been
analyzed that span relative size disparities from about ε =
−0.1 to ε = +0.125 using 16 different particle mixtures.
It has been found that the results are reproducible among
different flight days and even campaigns. A linear dependence
between the size disparity and the strength of the phase
separation has been found. The phase separation depends only
on the size disparity of the particles and not on the absolute
particle size.
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Molecular dynamics simulations of binary dusty plasmas have been performed and their behavior with respect
to the phase separation process has been analyzed. The simulated system was inspired by experimental research
on phase separation in dusty plasmas under microgravity on parabolic flights. Despite vortex formation in the
experiment and in the simulations the phase separation could be identified. From the simulations it is found that
even the smallest charge disparities lead to phase separation. The separation is due to the force imbalance on the
two species and the separation becomes weaker with increasing mean particle size. In comparison, experiments
on the phase separation have been performed and analyzed in view of the separation dynamics. It is found that
the experimental results are reproduced by the simulation regarding the dependency on the size disparity of the
two particle species.

DOI: 10.1103/PhysRevE.103.053203

I. INTRODUCTION

Phase separation processes can be observed in many dif-
ferent fields. They have been studied in very different systems
such as critical binary liquids, polymers, colloidal systems,
and metallic alloys [1–8]. In many cases, binary systems are
used to study fundamental phase separation processes. Such
binary systems, i.e., systems in which only two different
species are present, are the simplest possible system that can
exhibit phase separation and thus allows insights into the basic
processes.

Here we will analyze phase separation in binary dusty
plasmas. In addition to neutral gas and a plasma of electrons
and ions, binary dusty plasmas consist of two different types
of dust particles. Such binary dusty plasmas are known to
show phase separation [9–19]. Since in typical laboratory
discharges most of the acting forces depend on the particle
radius, binary dusty plasmas can be characterized by their
(relative) size disparity ε = (a2 − a1)/ā, where a1 and a2 are
the radii of the two species and ā is their mean.

Early experiments [9–14] and simulations [15–17] on bi-
nary dusty plasmas used relatively large size disparities. For
size disparities above a certain threshold, it is expected that
the two populations separate due to spinodal decomposition
[20,21] that relies on the nonadditivity of the particle-particle
interaction. In the experiments it was found, however, that
phase separation can be observed in dusty plasmas even at
much smaller size disparities which was attributed to a dif-
ference of the plasma forces due to the different particle
radii [18]. Recently, we have performed a systematic study of
phase separation in three-dimensional binary dusty plasmas
under microgravity conditions using parabolic flights [19].
There it was found that the phase separation of two species
is more pronounced with larger size disparity and that phase

*stefan.schuett@physik.uni-greifswald.de

separation occurs even at the smallest investigated ε. Other
influences like the absolute particle size ā and plasma con-
ditions played only a minor role. In the experiments, due to
the acting forces, the larger particles accumulate at the outer
parts of the three-dimensional dust cloud, whereas the smaller
particles accumulate in the center.

One problem of the experiments is that the phase separa-
tion starts immediately on dust injection and that a good part
of the separation process has already occurred before the dust
cloud reaches a steady state. It is therefore not possible to
track the whole separation process from the beginning on.
Here we present molecular dynamics (MD) simulations of
different binary dust systems that allow us to study the entire
separation process. We use the LAMMPS code to model the
MD behavior of the dust particles. Here, we specifically aim
to model a situation that is close to the experimental situa-
tion. For further analysis, we also use adapted geometries to
study the influence of the curl and the divergence of the (re-
alistic) force field. The relevant interaction forces have been
derived from a SIGLO simulation of the plasma components.
Results will be compared with our experimental findings.
Furthermore, the simulations allow to vary parameters more
easily and in a more controlled way, whereas the number
of parameter variations in the experiment is limited by the
number of parabolas that can be flown during a measurement
campaign. Especially the amount of dust particles injected
into the plasma by electromagnetic dust shakers can only be
controlled in a very limited way, so that simulations with a
well-known particle number are a welcome complement to
the measurements.

The simulations will be checked against the experimental
results. Therefore, data from Ref. [19] have been reanalyzed
using a refined technique and new data have been obtained
from the 2019 and 2020 parabolic flight campaigns.

In the following section, we will briefly recapitulate the
experimental setup of the measurements [19]. Then, the setup
of the MD simulations will be introduced. The modeling of
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FIG. 1. Experimental setup used for the measurements under
microgravity: (a) side view, (b) top view.

the experimental situation together with two adapted geome-
tries will be presented in Secs. III, IV, and V. Finally, the
simulations will be compared with the experimental results
in Sec. VI.

II. SETUP OF EXPERIMENTS AND SIMULATIONS

A. Experimental setup

The experiments were performed on parabolic flights to
achieve microgravity conditions and enable the formation of
a three-dimensional dust cloud. Our plasma chamber is a
modified version of the chamber described elsewhere [22].
The experimental setup is depicted in Fig. 1. A parallel-plate
rf discharge is ignited between two electrodes with a gap of
30 mm and a diameter of 80 mm. The electrodes are driven
in push-pull mode at a frequency of 13.56 MHz. The work-
ing gas is argon at pressures of 20 to 40 Pa. Dust particles
are injected using electromagnetically driven shakers. Each
parabola provides 22 s of microgravity, during which a single
phase separation process can be measured. At the beginning of
the measurement, a previously prepared mixture of two types
of particles is injected. Both particle species are monodisperse
melamine formaldehyde (MF) spheres. The main difference
between the two species is their size. Additionally, one of the
species is doped with rhodamine-B (RhB) dye.

The separation process of the two particle populations is
then followed using a two-camera video microscopy setup
[18,19]. The particles are illuminated by a vertically expanded
laser sheet at a wavelength of 532 nm. When illuminated
by the laser, the RhB particles emit fluorescence light at a

wavelength of 590 nm. Two cameras observe the same field of
view through a beam splitter. One of the cameras (camera 1) is
equipped with a bandpass filter tuned to the laser wavelength,
recording the scattered light of all particles. The other camera
(camera 2) is equipped with a filter that transmits only the flu-
orescence light of the RhB particles. This allows to distinguish
between the species even at the smallest size disparities. Par-
ticles are detected in the recorded images and their positions
are determined using a moment method [23,24].

We have found from earlier experiments that the plasma
conditions do not significantly influence the demixing pro-
cess. Therefore, the most important variable is the size of
the particles. The number of different mixtures that can be
measured is limited by the number of dust shakers that can
be mounted to the chamber as they cannot be exchanged
during the flights. Our previous experiments [19] have been
extended by measurements with more different particle sizes.
For the analysis of the separation process our previous tech-
nique was refined, as described below. Also the previous data
have been reanalyzed by the refined technique. In total, 228
measurements obtained during the course of four parabolic
flight campaigns have been used and analyzed here.

B. Simulation and assessment of plasma forces

The main plasma-mediated forces on the particles gener-
ally are the ion drag force and the electric field force. To model
those forces, a simulation of the underlying ion and electron
properties in the plasma has been performed using the SIGLO
code (SIGLO-2D version 1.1, Kinema Software 1996–2003)
[25]. The simulations have been performed for parameters
which correspond to typical parameters of our experiment.
The geometry of the plasma vessel was modelled as closely as
possible. We used the gas parameter data for Argon shipped
with SIGLO and a neutral gas temperature of 300 K. Unless
otherwise noted, the neutral gas pressure was p = 30 Pa and
the rf peak-to-peak voltage was Urf = 75 V at a frequency of
13.56 MHz.

The simulation yields the spatially resolved plasma po-
tential V , the electron temperature Te and the electron and
ion densities, ne and ni, respectively. The ion temperature
is assumed as Ti = 300 K. Figures 2(a) and 2(b) show the
electron density and temperature as obtained from the SIGLO
simulation. SIGLO tends to produce slightly vertically asym-
metric results. Therefore, an average of the top and bottom
half is used for further calculations.

For our conditions (Argon, Te ≈ 100 Ti, p = 30 Pa), ion-
neutral collisions have to be taken into account. The floating
potential that a spherical dust particle attains in the presence
of collisions [26–28] is approximately φfl = −φ̂kBTe/e with
φ̂ = 1. Here kB is the Boltzmann constant and e is the elemen-
tary charge. Collisionless OML theory would yield φ̂ = 2.4.
Applying a capacitor model for the dust, the resulting dust
charge number is

Zd = 4πε0aφfl/e, (1)

where ε0 is the vacuum permittivity and a is the particle
radius. With this, a particle with a = 3.5 μm attains a charge
of Zd = 9460 at the center of our simulated discharge, which
is realistic [26–29].
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FIG. 2. Different quantities that are either provided directly by
the SIGLO code or deduced from those quantities; see text for details.
The gray boxes depict the location of the two electrodes. Shown
are (a) the electron density, (b) the electron temperature, (c) the
electric field force, (d) the ion streaming velocity, (e) the ion drag
force on particles with a = 3.5 μm, and (f) the total force on those
particles. The arrows indicate the direction of the ion streaming
velocity and the forces. Their length is normalized. Panels (g) and (h)
show the ion drag force along the horizontal x and vertical z axis; note
the different scales. Panels (i) and (j) represent zoomed-in views of
the total force on particles with ā = 3.5 μm and ε = 0.2.

The electric field force Fel on the dust is calculated directly
from the plasma potential V via

�Fel = Zd e �∇V, (2)

where �E = −�∇V is the electric field. The resulting elec-
tric field force on particles with a = 3.5 μm can be seen in
Fig. 2(c).

For the assessment of the ion drag force, again, ion-neutral
collisions have to be taken into account. Hutchinson and
Haakonsen have found that the ion drag force increases sig-
nificantly over the collisionless ion drag when ion-neutral
collisions are present [30]. First, we derive the collisionless
ion drag force. We follow the procedure described by Hutchin-
son [31] and Khrapak et al. [32,33], with the addition of the
collection force from Barnes et al. [34]. First, due to the
relatively high gas pressure, from the electric field the ion
streaming velocity is calculated as

�vi = μi �E (3)

using a modified form of Frost’s ion mobility [35,36]

μi = 1.68 × 1019

[
1 +

(
7 × 1018 E

nn

)1.238]−1.238/2
E

nn
, (4)

where nn is the neutral gas number density.
The ion drag force consists of the orbit force Fcoul and the

collection force

Fcoll = πa2mivsnivi

(
1 − 2eφfl

miv2
s

)
(5)

with vs = (v2
i + 4v2

T,i/π )1/2 and the ion thermal velocity
vT,i = (2kBTi/mi )

1/2.
The shielding efficiency of the streaming ions depends on

their flow velocity. The effective screening length is taken
from Hutchinson [31] as

λeff =
(

λ2
De

1 + 2kBTe/miv
2
eff

+ a2

)1/2

, (6)

where λDe is the electron Debye length, given by λ2
De =

ε0kBTe/nee2. The effective ion velocity veff is given by

v2
eff = v2

T,i + v2
i

{
1 +

[
vi/vB

0.6 + 0.05 ln (mi/mp)

]3}
, (7)

where vB = (kBTe/mi )
1/2 is the Bohm velocity and mp is the

proton mass. Hutchinson’s approximation Te = 100Ti is well
suited in our case [see Fig. 2(b)].

With that, the collisionless orbit force can be written as [31]

Fcoul = 8πa2niG(u) ln �
e2φ2

fl

miv
2
T,i

. (8)

Here, ln � is the Coulomb logarithm and G(u) is the Chan-
drasekhar function

G(u) = 1

2u2

[
erf (u) − 2u√

π
exp(−u2)

]
(9)

with u = vi/vT,i. The Coulomb logarithm is given by [32]

ln � = ln
b90 + λeff

b90 + a
, (10)

where b90 = Zd e2/4πε0miv
2
eff is the impact parameter for 90◦

scattering. The collisionless ion drag force finally becomes
Fi = Fcoll + Fcoul.

Now we consider the increase due to collisions. Hutchin-
son and Haakonsen have performed extensive numerical
simulations to determine the increase over the collision-free
case [30]. For our situation, the ion-neutral collision frequency
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is νin = e/miμi = 4.8 MHz at a typical position in the bulk
plasma. From the SIGLO data, we find the electron Debye
length to be about 600 μm. Under above assumption φ̂ = 1,
the cutoff radius becomes rc ≈ 85 μm (see Ref. [30] for an
explanation of the cutoff radius). This finally leads to the
collisionality νinrc/cs = 0.15, where the ion sound speed cs

equals the Bohm velocity. For our particles, the ratio λDe/a
lies between 133 (a = 4.5 μm) and 300 (a = 2 μm). In our
system, the ions stream against a stationary neutral gas back-
ground where the ions follow the drift distribution. For our
value of the collisionality, this results in a collisional force
factor (that gives the increase of the ion drag compared to the
collision-free case) of 2.

We therefore use Ftot = Fel + 2Fi as the total force (where
Fi is the collisionless ion drag force described above). The
ion streaming velocity, the (collisionless) ion drag force and
the total resulting force on dust particles with a = 3.5 μm are
shown in Figs. 2(d) to 2(f), respectively. The forces show the
characteristic shapes that lead to the formation of the void.
Fi has its maximum between the center of the discharge and
the electrodes. In this regime, where vi ≈ 300 m/s, the orbit
force becomes most effective as a result of a balance between
the number of passing ions and duration of their interaction
with the particle. The electric field force, in contrast, steadily
increases with increasing distance from the discharge center.
The superposition of those forces acting in opposite directions
thus creates a potential well where a dust cloud can be trapped
in a balance of (increased) ion drag and electric field force.
The Coulomb repulsion between the particles then makes for
the radial extent of the dust cloud.

Figures 2(g) and 2(h) show the total force along the
horizontal/radial x as well as along the vertical z direction,
respectively. In both cases, it can be seen that the total force
acts so that the particles are pushed outwards up to a certain
position where the force vanishes and then rises again with
opposite sign, pushing the particles backwards. The zoomed-
in views in Figs. 2(i) and 2(j) allow a more detailed inspection.
There, two species of slightly different radii are considered
(ā = 3.5 μm, ε = 0.2). In the horizontal direction, the equi-
librium position F = 0 is about x = ±37 mm. In the vertical
direction, it is about z = ±9.4 mm. It can be seen that in
both directions the equilibrium position of the larger species
is slightly more outside than that of the smaller species. Ad-
ditionally, around the equilibrium position, the force on the
larger species is larger. In our previous descriptions of the
phase separation processes [19], we have suspected that these
two effects drive the phase separation.

Further outside (at |x| > 40 mm respectively |z| >

10.3 mm), the inward-pointing force on the larger species
is larger. This should in theory repell the larger species out
of the outermost parts of the dust cloud. But this far away
from the equilibrium position, the forces are so high and their
gradient is so steep that the dust cloud ends with a sharp outer
boundary.

It has been found in the experiment that the phase sepa-
ration happens preferably along the z direction. This seems
reasonable from a comparison of the magnitudes of the forces
along x and z. The maximum force difference between the
two species is about 3 × 10−14 N at |x| = 30 mm (compared
to the total force 1.2 × 10−13 N) in x. In z, the difference is

1.4 × 10−13 N and the total force is 4 × 10−13 N [ε = 0.2; see
Figs. 2(i) and 2(j)]. As expected from the geometry, the forces
are larger in z direction, leading to a larger force disparity
for any given particle size and charge disparity. This will be
investigated further in Sec. IV.

C. Molecular dynamics simulation

These plasma forces are now used in a molecular dynamics
simulation of the dust particle motion. Molecular dynamics
simulations were performed using the LAMMPS code [37],
which has been proven to be a useful tool for the simulation of
dusty plasmas [17,38]. Most of the simulations were run on a
graphics card to greatly reduce the computation time [39–44].

The simulation is of a Langevin dynamics type. The tar-
get temperature (temperature of the heat bath) was varied
between 0 and 11 000 K in a couple of test runs. While the
particles’ kinetic temperature quickly adopts the temperature
of the heat bath, no substantial influence of the temperature on
the phase separation has been found; see also Appendix. The
temperature was chosen to be T = 1000 K for the subsequent
simulations.

The two species carry the (different) charges Q1 and Q2 due
to their size difference as discussed above in Eq. (1). Then, the
interaction energy is of a shielded Coulomb (Yukawa) type,

V (r) = Q1Q2

4πε0r
exp

(
− r

λS

)
, (11)

for a pair of different particles, spaced at a distance r. For
particles of the same species, the numerator of the first term
of course becomes Q2

1 or Q2
2. The screening length is chosen

as λS = 300 μm, which is a typical value for the outer bulk
(where the dust is located) of our simulated discharge accord-
ing to Eq. (6). When calculating the interparticle forces, the
potential is cut off at 3λS .

Further, neutral gas friction of the dust motion is taken into
account. For the assessment of the neutral gas drag, we use
the well-established Epstein formula

β = δ
8

π

p

aρdvth,n
(12)

for the friction coefficient [45]. Here vth,n = (8kBT/πmn)1/2

is the neutral thermal velocity with T being the neutral gas
temperature and mn the mass of an argon atom. The coefficient
δ is between 1 and 1.44 depending on the type of scattering
(diffuse/specular) of the neutral atoms by the dust particles.
It was found that a value of δ = 1.44 is appropriate for dusty
plasmas [46].

For the ion drag and electric field forces, a force field that
contains the spatially dependent sum of those forces on the
used particle types is calculated prior to the simulation run.
In each time step, this force field is interpolated onto the
particle positions and applied as an additional force before
the integration step. The same method is used for the particle
charge. The spatially dependent charge is interpolated onto
the particle positions and updated each time step. The time
step is 50 μs and the positions and velocities of all particles
are stored every 10 ms for further analysis.
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FIG. 3. (a) Drift velocity of the two species of particles, averaged
over all particles in each time step. The force disparity is �F =
5 × 10−14 N in this example. (b) Drift speed (red circles) versus
force disparity �F . For the smallest forces, there is hardly any drift.
From about �F = 10−14 N on, the drift speed starts to approach the
Epstein friction limited drift speed (dashed line), but does not reach
it.

III. LINEAR GEOMETRY

The resulting force field is quite complex and not curl free.
To separate the various influences, we start the discussion of
phase separation in simpler geometries.

An interesting question is the role of the neutral drag versus
Coulomb inter-particle interaction under the action of a con-
stant separation force during the demixing process. To assess
which effect determines the final drift speed, simulations with
a simple slab geometry have been performed. The simulation
volume was a cuboid with a volume of 40 × 20 × 0.4 mm3.
Periodic boundary conditions have been used in all dimen-
sions. The thickness of the simulated slice (0.4 mm) was
chosen as a compromise between computing time and sim-
ulating a true three-dimensional system. A total amount of
20 000 particles was simulated, 10 000 particles per species.
The particles are randomly positioned at the beginning of the
simulation. Then, the simulation is run for 5 s (simulated time)
with the Coulomb interaction only, allowing the system to
reach an equilibrium state. Afterwards, a constant separation-
driving force in the x direction is switched on, starting the
simulated phase separation. This way, the process can be fol-
lowed from the beginning without any superimposed motion
due to the stabilization of the dust cloud.

In this simulation, all particles have the same radius (a =
3.5 μm) and fixed charge (Zd = 7000). However, the two
randomly distributed species experience opposite separation
forces. The force on particles of species #1 is �F = −�F/2 êx

and the force on particles of species #2 is �F = +�F/2 êx,
where êx is the unit vector in x direction. Simulation runs
have been performed for different values of the force disparity
�F . For consistency with the other simulated geometries, we
used T = 1000 K and the neutral friction coefficient β = 52
corresponding to p = 30 Pa.

The resulting mean drift velocities of the two populations,
vx,1 and vx,2, respectively, are shown in Fig. 3(a). As an ex-
ample, the result for �F = 5 × 10−14 N is shown. Due to the
symmetry of the external forces, the resulting velocities are
symmetric around v = 0. The force is switched on at t = 0.
In the initial phase of about 120 ms, the particles move to
new equilibrium positions in their local confinement potential

that is constituted by the neighboring particles. Afterwards, v

settles to its final value of about 0.4 mm/s when the two pop-
ulations each begin to move collectively against each other.
This happens in the first second and after that, there is only a
slight further increase of v. The Epstein time 1/β = 19 ms is
about one order of magnitude smaller than the timescale of the
settling of v, indicating that Coulomb collisions significantly
contribute to the particle dynamics.

This overall behavior is comparable between all values of
�F . Therefore, the time average of all data points with t > 2 s
is considered to measure the final drift speed vd . The drift
speed versus the force disparity is depicted in Fig. 3(b). While
there is hardly any drift at the smallest forces, vd rapidly in-
creases between �F = 5 × 10−15 N and �F = 5 × 10−14 N.
At even higher forces, vd increases approximetely linearly
with �F .

Next, we evaluate the drift speed that would be expected
for a drift limited by neutral drag. It can be easily obtained
from the balance between neutral drag force and the applied
external force, i.e.,

�F

2
= mdβvd , (13)

where md is the dust mass. This yields a drift speed of vd =
1.8 mm/s for the situation shown in Fig. 3(a). Hence, the
real drift speed is about a factor of 4.5 below this value. The
neutral drag-limited drift speed is shown as dashed line in
Fig. 3(b). The real drift speed is below the drag limit for all
values of �F , which shows that Coulomb collisions play an
important role in jamming the particle motion. At very low
forces, the force is not strong enough to break the Coulomb
blockade at all. Then, there is an intermediate regime where a
notable particle motion onsets. At the larger forces considered
here, the drift speed is about half of the value expected for a
system exhibiting only Epstein drag. Similar situations where
oppositely charged “plus- and minus-charge” particles are
exposed to the same external field have already been studied
earlier and a similar overall behavior was found [47,48]. How-
ever, interestingly, we did not find distinct lane formation in
our simulations, which could further enhance particle trans-
port.

IV. RADIAL GEOMETRY

To further assess the role of different forces in the phase
separation process, we performed simulations with a syn-
thetic, vortex-free but divergent force field. The force field
is chosen cylindrically symmetric and constructed from the
force profile from the SIGLO simulation along one spatial
coordinate, i.e., the radial force is taken as either Fx(x) or
Fz(z) as in Figs. 2(g) or 2(h). This allows us to investigate
the asymmetry of the phase separation behavior between the
x and z direction that was found in the experiment. A full set
of simulation runs has been performed for both force profiles,
mean particle radii of ā = 2 μm, 3.5 μm, and 4.5 μm and
size disparities between ε = 0.01 and ε = 0.2. The radii of
the two species were chosen symmetrically to the mean size.

Due to the strong difference in the forces along x and z
the simulated systems have a different size when using either
of the force profiles. Hence, it is necessary to perform a
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FIG. 4. Simulation with a cylindrical geometry that was con-
structed from the force along the z axis. The two species of particles
have radii of a1 = 3.15 μm and a2 = 3.85 μm. (a) snapshot of the
system after initialization. Particles of species 1 (black) and species
2 (red) are mixed. (b) Snapshot after running for 5 more seconds
with force disparity. The populations are separated and a phase
boundary can be seen. [(c) and (d)] Radial particle distributions for
the situations shown in (a) and (b), respectively. (e) Evolution of
the radial positions and (f) ratio of the radial positions of the two
populations. All these quantities show an increasing separation of
the two populations with time.

dedicated initialization run for each geometry. The simulation
box has a volume of 120 × 0.4 × 120 mm3, which is large
enough to accommodate the system for both force profiles.
The system is radially symmetric in x and z, periodic boundary
conditions are used in y direction. The interparticle spacing
is determined by the Coulomb interaction forces and hence
depends on the (mean) particle radius via the dust charge.
We performed some test runs to estimate the particle number
density and assess the number of particles needed to gener-
ate dust systems of comparable size regardless of the mean
particle size. To initialize the system, forces and charges for
the mean particle size ā are applied until an equilibrium is
reached after 5 s of simulated time. Then, the charges Zd1 and
Zd2 and respective forces for sizes a1 and a2 are switched on.
The activation of the force disparity marks the time t = 0.

Figure 4 shows the results of the run with ā = 3.5 μm and
ε = 0.2 using the force from the z direction [Fig. 2(h)] as
the radial force. The system consists of N = 6000 particles.
An example with a relatively large size disparity was chosen
that features a distinct phase separation to demonstrate the
behavior of the system. Figures 4(a) and 4(b) show the system
at t = 0 and at t = 5 s, respectively. Both populations are
completely mixed in Fig. 4(a). In Fig. 4(b), there are two
concentric shells each containing nearly exclusively particles
of one of the species. The larger species accumulates in the
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FIG. 5. Temporally averaged mean distance ratio B vs. relative
size disparity ε for all simulation runs of a radial geometry with the
force profile taken from the z axis (see text for details).

outer shell. Additionally, there is a central region where both
species stay mixed. As the phase separation happens in radial
direction, the radial position is a good quantity for further
analysis. For each particle i at position (xi, zi ), the radial
position b(i, t ) = (x2

i + z2
i )1/2 is calculated.

The distributions of the radial positions f (b)db of the two
species are a measure for the behavior of the two populations.
They are shown in Figs. 4(c) and 4(d) for the time steps corre-
sponding to the snapshots in Figs. 4(a) and 4(b). It can be seen
that they reflect the situation well: At t = 0, the distributions
are neary identical, showing the mixed state of the system.
At t = 5 s, the distributions are split in the outer region, they
are narrower and their overlap is reduced. From the center to
about b = 7.5 mm, the overall forces are too small to drive the
phase separation and the distributions match.

Next, the radial positions of all particles are averaged per
population, yielding the mean radial positions of the two
populations b̄1(t ) and b̄2(t ). These are good indicators for
the behavior of the respective species as a whole. As can be
seen in Fig. 4(e), b̄1(t ) and b̄2(t ) start at the same value at
t = 0, indicating that both species were initialized to the same
average position and are fully mixed. During the run, b̄1(t )
decreases whereas b̄2(t ) increases, meaning that the (smaller)
particles of species 1 gather in the inner regions and the
(larger) particles of species 2 in the outer.

The ratio b̄2(t )/b̄1(t ), see Fig. 4(f), enables us to use a
single quantity to describe the phase separation. As time
progresses, an increasing ratio indicates that the smaller pop-
ulation accumulates at the inside and the larger population
accumulates at the outside of the system. The temporally
averaged ratio B = 〈b̄2(t )/b̄1(t )〉t thus is a single number that
characterizes a run: A faster separation as well as a more
pronounced separation both lead to a larger temporally aver-
aged mean distance ratio. We have already used this parameter
B for the analysis of our previous experiments, facilitating
comparisons [19].

The averaged mean distance ratios B of all runs with the
radial force taken from the z profile are shown in Fig. 5 against
the size disparity ε. A phase separation (B > 1) can be seen
for ā = 2 μm and ā = 3.5 μm even at the smallest ε = 0.01
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considered here. The phase separation in terms of B is more
pronounced for larger ε. This trend is expected since for larger
ε the force disparity increases, leading to a more pronounced
separation. Furthermore, there is an influence of the absolute
particle size: The larger the mean particle size at a fixed ε,
the less intensive the phase separation is. From evaluating the
forces as shown in Figs. 2(i) and 2(j) at different mean radii ā
we find that the force disparity scales about linearly with ā. In
contrast, the Coulomb blockade as well as the neutral gas drag
that obstruct the phase separation both scale with ā2. Thus, the
simulations with larger ā show less phase separation.

When using the force profile taken from the x axis, no
phase separation is found. As mentioned in Sec. II B, the
force difference is about five times larger along the z axis
compared to the x axis. The value of the force difference along
z (1.4 × 10−13 N) lies just at the beginning of the regime
where the drift speed approaches the neutral drag limit, as
seen in the linear geometry. The force taken from the x axis
obviously is too small to drive the separation process on the
studied time scale.

V. REALISTIC GEOMETRY

Now, the full force fields from Sec. II B and Fig. 2 are
used. A slice of the dust cloud is simulated, similar to the
slice that is experimentally observed by the video microscopy
setup. The simulation volume is a cuboid with a volume of
120 × 0.4 × 40 mm3. The particles are confined by the full
force profile and the size of the simulation volume in x and z
is chosen so that it can accomodate the whole dust system. In
the y direction, periodic boundary conditions are used as be-
fore. It should be noted that in comparison to the experiment,
where the observed slice is a section of a toroidal system, the
toroidal character of the geometry was neglected here. For the
initialization, as before, the force profile for particles with the
mean size of the two species is calculated and applied to both
species for 5 s. Afterwards, the correct force fields with the
slightly different forces on the two species are applied and
the simulation is run for another 5 s. Again, t = 0 indicates
the assignment of the individual particle forces.

The results for a simulation run with particles of radii
a1 = 3.15 μm and a2 = 3.85 μm, respectively, are depicted
in Fig. 6. Trajectories are shown in Fig. 6(a). It can clearly be
seen that the particle motion is dominated by vortex structures
that are generated because of the nonvanishing curl of the
force field [49–51]. These vortices have also been observed
in our experiments and pose a problem for the analysis of the
phase separation using Fick’s law. The drift speeds associated
with the vortices are of the order of 1 mm/s, which is greater
than the typical drift speed due to the phase separation. The
above described analysis using the particle distributions helps
to overcome this problem [19]. To start the analysis, Figs. 6(b)
and 6(c) show snapshots of a system directly after initializa-
tion (t = 0) and at the end of the run (t = 5 s). A run with the
same particle sizes as in Fig. 4 is shown here.

In vertical direction, the behavior is very similar to the
radial geometry: Close to the void, there is a mixed region.
Further outside there is a region where preferably the smaller
particles (species 1) accumulate. Finally, the larger particles
(species 2) preferably accumulate at the top and bottom of
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FIG. 6. Example of a simulation run for particles with a1 =
3.15 μm and a2 = 3.85 μm: (a) Trajectories of particles of both
species from t = 0 to t = 5 s. For clarity, only every 10th trajectory is
shown. (b) Particle positions of species 1 (black) and species 2 (red)
at the beginning of the phase separation. Here every third particle is
shown. (c) Same as in (b), but situation at the end of the simulation
run. Particles of the larger species mainly accumulate at the top
and bottom of the discharge while particles of the smaller species
accumulate closer to the void. [(d) and (e)] Distribution f (b)db of the
radial positions of both populations at t = 0 and t = 5 s, respectively.
(f) Mean radial positions b̄1/2 of the two populations and (g) their
ratio b̄2/b̄1. At t = 0, a ratio of 1 and identical distributions indicate
a mixed system. A progressively increasing ratio as well as a shift
of the distributions in opposite direction correspond to the increasing
separation of the two populations.

the discharge. In the horizontal direction, however, there is
no clear tendency towards a separated state. The asymmetric
behavior between x and z direction is consistent with our
findings from the previous sections, where we concluded that
the force difference along the z direction is large enough to
effectively drive the separation, while this is not the case along
the x direction.

The analysis of the separation is performed analogously to
Sec. IV and Ref. [19]. Here ellipsoidal coordinates are chosen
that follow the shape of the cloud. Details can be found in
Ref. [19]. The ellipsiodal position

b(i, t ) = 1

12 mm

[( |xi| − min (|xi|, 12 mm)

4

)2

+ z2
i

]1/2

(14)
is calculated so that it indicates whether the particle is close
to the center of the discharge (b = 0) or further out (b ≈ 1 for
a particle at the outer edge of a typical dust cloud). The dis-
tributions [see Figs. 6(d) and 6(e)] show the transition from a
mixed state with identical distributions at t = 0 to a separated
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FIG. 7. Temporally averaged mean distance ratio B of all simu-
lation runs using the realistic geometry vs relative size disparity ε.

state at t = 5 s, where the distributions are narrower and do
not completely overlap at b > 0.6. Also, the mean positions of
both populations [Fig. 6(f)] and their ratio [Fig. 6(g)] indicate
an advancing phase separation with species 1 accumulating
on the inside and species 2 on the outside. The similar shape
of the distributions and b̄ compared to Fig. 4 suggest that
there are no effects that directly or indirectly depend on the
geometry and influence the phase separation significantly. Es-
pecially, the curl in the force field and the resulting intense
vortex motion has only a limited impact on the phase separa-
tion.

Again, we have performed simulation runs for different
absolute particle sizes and size disparities. The needed amount
of particles for each mean size is again estimated from some
test runs. We finally used N0 = 40 000 for ā = 2 μm, N0 =
30 000 for ā = 3.5 μm, and N0 = 26 000 for ā = 4.5 μm.
The mean distance ratios B of all runs are compiled in Fig. 7.
When considering the data points belonging to the same mean
radius, B increases with increasing ε, as expected. The relation
is nearly linear, and a linear fit would go through the point
(ε = 0; B = 1), meaning that there would be no separation if
both species had the same size. The slope of this proportional-
ity, however, depends on the absolute particle size. As above,
the phase separation is stronger with larger ε or smaller ab-
solute particle radius ā. Overall, the results are comparable to
those with the radial geometry, supporting the hypothesis that
geometric effects like the vortices do not strongly influence
the phase separation.

VI. COMPARISON WITH EXPERIMENTAL DATA

In the simulations, one is able to instantly obtain the
positions of the two particle species. In the experiment, how-
ever, the diagnostic setup yields the positions of only one of
the species directly, namely the rhodamine-B doped species
(observed via camera 2). Additionally, the positions of all
particles are seen in camera 1. In the previous analysis [19],
we have compared the reconstructed particle positions from
“all” particles and the RhB particles and derived the separa-
tion parameters B from their data. Thus, the undoped species
has not been used as an independent quantity. Here now, to

FIG. 8. Snap shots of (a) camera 1 (all particles) and (b) camera
2 (RhB particles) at a progressed state of the phase separation in data
set 1. (c) Reconstructed particle positions of the RhB species seen in
camera 2 (red) and the pure MF species (black). Every other particle
is shown. The snap shots were inverted and their contrast enhanced.

allow for better comparison of experimental and numerical
results, the positions of the undoped pure MF particles are
reconstructed. This is done by measuring the positions of all
particles resulting in a list of the positions of “all” particles.
Now, for each RhB position, the closest “all” position is elim-
inated from the list if it lies within a neighborhood of 0.2 mm.
The remaining particles are assumed to be the positions of
the MF particles. The allowed deviation of positions of 0.2
mm accounts for an imperfect calibration of the cameras and
vibrations during the flight that shift the cameras relatively
to each other. Even if a particle is eliminated from the list
that does not correspond to the RhB particle that caused this
elimination, the maximum distance of 0.2 mm ensures that the
maximum position error of the erroneously remaining “MF”
particle is < 0.4 mm compared to the position of the particle
that should have remained instead. Snap shots of both cameras
and reconstructed particle positions are shown in Fig. 8.

It is probable that not all particles are detected. Further-
more, the fraction of detected particles may be different
between the two cameras. Due to bleaching of the RhB par-
ticles, this fraction may change over time for camera 2. This
would lead to incorrect number of particles assigned to the
“MF” species. However, the fraction of correctly detected
particles is not dependent on the position and therefore, the
normalized radial distribution should not be affected by these
effects.

Now, the positions of all particles, the RhB particles and
the reconstructed MF particles are calculated using the ellip-
soidal coordinates as in Sec. V. The mean positions of two
experimental data sets is shown in Fig. 9. The corresponding
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FIG. 9. Mean radial distance b̄ of two measurements versus time.
For data set 1, the RhB particles are the larger species (d̄RhB > d̄MF).
For data set 2, the RhB particles are the smaller species (d̄RhB < d̄MF).
In both cases, the curve for b̄all lies between b̄RhB and b̄MF.

053203-8



SIMULATIONS AND EXPERIMENTS OF PHASE … PHYSICAL REVIEW E 103, 053203 (2021)

TABLE I. Particle properties of the two data sets shown in Figs. 8
and 9.

Data set 2aMF (μm) 2aRhB (μm) ε

1 6.84 ± 0.07 7.12 ± 0.15 +0.040 ± 0.024
2 7.01 ± 0.08 6.38 ± 0.15 −0.094 ± 0.025

particle radii and the resulting size disparities are compiled
in Table I. Note that here we have defined the size disparity
as the ratio of the radius of the RhB species to the radius
of the unmarked species, ε = (aRhB − aMF)/ā. Thus, ε > 0
indicates that the RhB particles are the larger species while
ε < 0 indicates that the pure MF particles are the larger
species. Both data sets were obtained at a pressure of 30 Pa
and an rf power of 2.5 W. In addition to the positions of the
RhB particles from camera 2, b̄RhB, and the reconstructed MF
particles, b̄MF, the data from camera 1, b̄all (all particles), is
shown. As opposed to the simulation, an asymmetry between
the particle types might be present that is not solely caused by
the size difference of the particles. Effects of the RhB dye that
is present in only one of the populations as well as different
particle properties due to the storage conditions are possible.
Therefore, two data sets are shown here that have opposed size
disparities.

In both cases, b̄ of the smaller species is smaller than b̄
of the larger species. b̄all lies between the other curves in
both cases. The analysis has been started as early as possible
after dust injection, i.e., when the dust cloud has stabilized
enough to have its final shape that allows to reliably determine
radial positions. At that time, the phase separation has already
progressed. Hence, there is a difference between b̄RhB and
b̄MF already at the beginning of the analyzed sequence. In
the case of data set 1, this difference increases further. In the
case of data set 2, the difference remains nearly constant. The
absolute value of the relative size disparity |ε| is larger for data
set 2, which probably leads to a faster phase separation. Thus,
the phase separation has already reached its final, separated
state when the dust cloud has stabilized and the analyzed
sequence starts. In contrast, the phase separation takes longer
for data set 1, so that the separation process and not just its
final state is reflected in the depicted curves. Furthermore, in
the first 2 s of data set 1, all the b̄ curves rapidly increase
and then decrease again. This probably is a an artifact of the
stabilization of the dust cloud. It is included in some data
sets due to the manual selection of the start of the analyzed
sequence. However, the ratio b̄RhB/b̄MF that will be analyzed
in the following is not affected by this common behavior of
both populations.

Finally, the temporally averaged mean distance ratio B =
〈b̄RhB(t )/b̄MF(t )〉t of all analyzed measurements is shown in
Fig. 10. We complemented our previous 175 data points from
Ref. [19] with 53 new measurements from 2019 and 2020
parabolic flight campaigns. 19 of the new data points use a
new mean radius of ā = 4.5 μm. All new points integrate
nicely with the reanalyzed older data. It can clearly be seen
that there is a correlation between the size disparity and the
distance ratio. For ε < 0.05 there is a linear relationship be-
tween ε and B. One would expect B = 1 at ε = 0 because
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FIG. 10. Temporally averaged mean distance ratio B of all mea-
surements vs. relative size disparity ε.

perfectly identical particles do not separate and thus yield
B = 1. However, the curve seems slightly shifted towards
higher B. Possible reasons were already discussed in Ref. [19].
Additionally, B seems to saturate at ε > 0.05 (but not at ε <

−0.05), but there are not enough data points in this regime for
this to be significant. In addition, the size disparity cannot be
controlled in the experiment as exactly as in the simulations
due to the size distribution of the manufactured particles (see
Table I).

The amount of particles injected into the plasma cannot be
controlled perfectly. As a result, consecutive measurements at
the same parameters may use different amounts of particles
and therefore produce a slightly different B. This and the
inevitable residual gravity on the parabolic flight are suspected
to be the main reasons for the scatter of data points at the same
ε and ā in Fig. 10. We performed measurements at different
gas pressures and rf powers and found no significant trends
[19]. This stays true with the addition of the new data. Main
reason might be that the expected changes of the separation
behavior with these parameters is relatively small (see Ap-
pendix). The resulting change in B then completely vanishes
in the larger variations due to particle number changes and
residual gravity.

These results agree with our simulations from the previous
section insofar that they showed a linear relationship between
ε and B, as well. Furthermore, in the simulations the phase
separation in terms of B was weaker with increasing mean
particle radius ā. Although we conducted measurements with
different mean radii, we did not see this effect in the exper-
iment. When comparing Figs. 7 and 10, it can be seen that
the absolute values of B are larger in the experiment than
in the simulation, i.e., the phase separation is stronger in the
experiment. This suggests that the forces may be larger in the
experiment. The SIGLO simulations for the force field were
done for a dust-free discharge. The presence of the dust will
collect electrons from the plasma and hence result in larger
gradients of the plasma properties. This could lead to larger
forces and force differences between the species.

At larger size disparities, it is known that binary complex
plasmas feature lane formation [11–14,17]. The effect has also
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been found at small size disparities when the second dust
species was injected into an already existing dust cloud of the
first species [18]. However, we have not observed lane forma-
tion in the experiments or simulations presented here, which is
probably due to the strong vortex motion in conjunction with
the slow separation dynamics.

As can be seen in Figs. 2(g) and 2(h) the ion drag force
outbalances the electric field force only by a small amount in
the central region. Therefore, the balance of the plasma forces
versus Coulomb repulsion can change by subtle variations of
parameters. We have noticed that there are parameters where
some particles can enter the void. In contrast, it is known that
a stable void is formed in experiments regardless of chamber
geometry or exact choice of plasma conditions. This supports
the hypothesis that the ion drag force may be underestimated
by our method. A higher ion drag force would lead to stronger
phase separation, which would be consistent with our exper-
imental data. A more advanced (self-consistent) simulation
of the dusty plasma or a more accurate calculation of the
forces could improve the agreement between simulations and
experiments.

VII. SUMMARY

We have investigated phase separation in binary dusty
plasmas at small size disparities (ε < 0.2) by means of simu-
lations. The plasma conditions were obtained from the SIGLO
software and used to compute the force fields acting on the
dust particles. The shape of the force profiles and their depen-
dence on the particle size leads to a force disparity between the
two particle species of slightly different size. The force dis-
parity generally explains the radial separation of the species
and the structure of the resulting dust cloud that is observed in
experiments under microgravity conditions.

We have then performed Langevin dynamics simulations
of binary dust systems using the LAMMPS software. First,
a linear geometry with forces acting in opposite directions
on the two species show that strong-coupling effects of the
particles play an important role, i.e., dust-dust collisions sig-
nificantly reduce the final drift speed of the particles.

The simulation of the full geometry of the microgravity
experiment reproduces many of the experimental results, in-
cluding the formation of vortex flows. Despite the vortex
flows, we could identify phase separation even at a very small
size disparity (ε = 0.01). The phase separation was quantified
using an ellipsoidal coordinate. We have found that the phase
separation is more pronounced with increasing force disparity
due to increasing size disparity. At fixed size disparity, the
phase separation becomes less pronounced with increasing
mean particle size as a result of the interplay of forces.

By comparison with a radially symmetric, vortex-free ge-
ometry we have found that the vortices do not have a major
influence on the phase separation. There is a generally good
agreemment between experiment and simulation regarding a
linear dependency of the separation parameter B on the size
disparity ε. However, the simulation yields a dependence of
the phase separation on the absolute size of the used particles,
which has not been observed experimentally.
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APPENDIX: RESULTS OF PARAMETER
VARIATIONS

We have varied several parameters in the simulation of the
realistic geometry that may directly or indirectly influence
the phase separation: dust particle kinetic temperature T and
particle number N in LAMMPS, neutral gas pressure p, and
rf peak-to-peak driving voltage Urf in SIGLO (resulting in
different force fields). The default values were T = 1000 K,
p = 30 Pa, and Urf = 75 V. The default particle number N0

depends on the mean particle size and the values are given in
Sec. V. The results of the simulation in terms of the separation
parameter B are shown in Fig. 11. For all runs, we chose
ε = 0.1.

In all cases, there are the expected trends: With higher
temperature, the phase separation is slightly stronger, because
with increasing particle motion it becomes easier for particles
to penetrate the system. With increasing particle number, the
particle density increases, particles exhibit more Coulomb
collisions and thus the phase separation is inhibited. With
increasing neutral gas pressure, the increasing neutral drag has
the same effect. With higher plasma power, the ion density as
well as the electric field increase, leading to increased driving
forces for the phase separation.
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ABSTRACT

Experiments on self-excited dust-density waves under various magnetic fields have been performed. For that purpose, different dust clouds
of micrometer-sized dust particles were trapped in the sheath of a radio frequency discharge. The self-excited dust-density waves were stud-
ied for magnetic field strengths ranging from 0mT to about 2 T. It was observed that the waves are very coherent at the lowest fields
(B< 20mT). At medium fields (20mT<B < 300 mT), the waves seem to feature a complex competition between different wave modes
before, at even higher fields, the waves become more coherent again. At the highest fields (above 1 T), the wave activity is diminished. The
corresponding wave frequencies and wavenumbers have been derived. From the comparison of the measured wave properties and a model
dispersion relation, the ion density and the dust charge are extracted. Both quantities show only little variation with magnetic field strength.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144591

I. INTRODUCTION

Self-excited dust-density (also known as dust-acoustic) waves
have been a topic of intense research over many years in the field of
dusty plasmas (see, e.g., Ref. 1 for an overview). Nevertheless, the inter-
est in dust-density waves has been recently revived as a diagnostic tool
for dusty plasmas with nanometric dust,2,3 micrometric dust,4,5 or
dust under weightlessness.6,7 Parallel to that, superconducting magnets
have been installed in laboratories worldwide over the past few years
to study dusty plasmas under the influence of strong magnetic fields
with up to a few tesla.8 Hence, it is now intriguing to study the propa-
gation of dust-density waves under strong magnetic fields (also see
Refs. 9 and 10). These waves allow local diagnostics of plasma and
dust parameters under the technical restriction of operating a dis-
charge in a strong magnetic field.

In dusty plasmas, solid particles are trapped in a gaseous plasma
of electrons, ions, and neutrals. The particles, typically of nanometer
to micrometer in size, are charged by the continuous inflow of plasma
electrons and ions. Usually, micrometer-sized particles are trapped in
the space charge sheath of a plasma discharge where the sheath electric
field balances the weight of the particles. In the sheath, there is an ion
streaming motion from the plasma toward the electrode. This ion
stream excites low-frequency waves in the dust cloud with a strong
modulation of the dust density.11–13

Experiments on dusty plasmas under strong magnetic fields are,
so far, relatively rare and address a few specific topics (also see Ref. 8).

For example, at low magnetic fields, the Hall component of the ion
streaming motion excites a slow rotation of the dust cloud.14–20 When
a magnetic field is applied perpendicular to the sheath electric field, a
complex sideway motion is observed.21–24 Under stronger fields up to
a few tesla, the formation of ion-induced wakefields has been studied
in experiments and simulations.25–31 Also, filamentation9,26,32,33 and
imposed electrode structures34,35 have been found and investigated.
Recently, experiments on the charging of micrometer-sized particles in
a dust cluster have been performed.36

Applying a magnetic field to a plasma will lead to different
plasma regimes: at low magnetic fields on the order of a few milliteslas,
the light electrons will become magnetized, whereas the ions will
become magnetized at decisively higher fields on the order of a few
hundred milliteslas (see, e.g., Refs. 8, 36, and 37). Even at the strongest
fields applied here (up to 2T), a direct effect of the field on the dust
particle motion is not envisaged due to the large mass of the dust.37

However, an effect on the dust due to the changed plasma (electron
and ion) dynamics is expected.

Dust-density waves under the influence of magnetic fields have
recently been studied in Refs. 3, 9, and 10. In the experiments of
Tadsen et al.,3 particles have been grown to a size of a few hundred
nanometer in diameter. They have been trapped in the plasma volume
where they form extended, dense dust clouds. In these clouds, ion-
driven dust-density waves appear, which have been used to diagnose
the ion density and dust charge. Such dust clouds with nanometric
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particles experience strong charge depletion effects.2,3,38 There, mag-
netic fields with up to 0.1 T have been applied. Thomas et al.9 have
studied dust-density waves at different magnetic field strengths with
respect to the dispersion relation. They have used micrometer-sized
particles trapped in the sheath of a plasma discharge. Similarly,
Choudhary et al.10 have also observed coherent dust-density waves of
micrometer-sized particles in the discharge sheath. The wave activity
was found to be overdamped at magnetic fields above 0.1T.

Hence, it is now very interesting to study the wave behavior at
stronger magnetic fields and to extract the corresponding dust and
plasma parameters. For that purpose, small dust clouds of micrometer-
sized particles have been trapped in the sheath region of a radio fre-
quency discharge. The dust-density wave dynamics is recorded for a very
wide range of magnetic fields up to about 2T. From the spatiotemporal
modulation of the dust density, the corresponding wave frequencies and
wavenumbers are derived, and these measured wave parameters will be
compared with a kinetic model of dust-density waves. In this way, dust-
density waves serve as a diagnostic technique to probe the plasma and
dust parameters over a wide range of magnetic field strengths.

II. EXPERIMENTAL SETUP

The experiments have been performed in an asymmetric radio
frequency (rf) discharge, see Fig. 1. The lower electrode has a diameter
of 80mm. The top plate at a distance of 70mm as well as the chamber
walls was grounded. The discharge vessel was inserted into the room-
temperature bore of a superconducting magnet that provides an axial
magnetic field with up to 5.8T; details can also be found in Ref. 36.

The discharge was ignited in argon at gas pressures of 7–9Pa by
applying a 13.56MHz rf voltage to the lower electrode with rf powers of
about 2W. For confinement of the dust, a glass cuvette was placed onto
the lower electrode. The cuvette had inner dimensions of 19� 19mm2

and a height of 12mm. The dust was dropped into the cuvette where it
was trapped. A cross section of the dust cloud was illuminated by a thin
laser sheet at a wavelength of 532nm. The laser was led through a top
window into the chamber and guided by a mirror into the discharge
vessel. The light scattered by the dust was recorded by a CMOS camera
with a frame rate of 200 frames per second (fps). The camera observed
the dust through another top window and another mirror.

The dust was made of melamine-formaldehyde (MF) with a nar-
row size distribution. The experiments have been performed using two
different dust sizes, namely, 2a ¼ 3:55lm and 2a ¼ 1:04 lm diame-
ter. In both cases, the dust forms a cloud of about 6mm diameter and
4mm height. Dust-density waves propagate from top to bottom
through the dust cloud, see Fig. 1(c). The dust dynamics has been
recorded at varying magnetic field strengths between 0 and 2T. About
25–40 magnetic field values have been set for each dust cloud. For
each magnetic field setting, a sequence of 1000 frames (at 200 fps) has
been recorded. For the larger particle size, two independent experi-
mental runs with multiple magnetic field values have been performed.
The results from these two runs are quite similar. We mainly show the
results from the run with more magnetic field settings.

III. RESULTS

First, the dust-density waves are analyzed in terms of their wave
frequencies and wavenumbers. These quantities are then compared
with a model dispersion relation to extract dust and plasma parame-
ters. Here, we start with a description of periodograms and phase
maps from which the fundamental wave quantities are derived.

A. Periodograms and phase maps

First, the spatiotemporal evolution of the dust-density waves is
presented in the form of a periodogram similar to in, e.g., Refs. 4 and
39. For that purpose, in each frame of the video sequence, the image
intensity of the central part of the dust cloud was averaged over the

FIG. 1. Schematic representation of the superconducting magnet (a) and the dis-
charge chamber (b) with the illumination and observation directions. A snapshot of
the recorded dust-density wave in the cloud of the 3.55 lm particles is shown in
(c). The dashed rectangle indicates the region over which the image intensity is
averaged horizontally. This region has a width of 80 pixels (1.4 mm).
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horizontal image coordinate x. This central region is indicated in Fig.
1(c). The averaging yields I(z) for each frame, where z indicates the
vertical position. A resulting spatiotemporal image I(z, t) (periodo-
gram) is produced by stacking these vertical profiles side-by-side;
hence, the time varies along the horizontal axis. The periodogram
gives a visual impression of the propagating waves.

Figure 2 shows the periodogram for a dust cloud of 1:04 lm MF
particles at zero magnetic field. One can easily identify the propagating
wave crests as inclined lines with higher intensity. An exemplary wave
crest is highlighted by the dashed line. The dust-density waves seem to
be quite coherent. In the zoom-in of the periodogram, one can identify
17 wave crests within a time span of 400ms, indicating a wave fre-
quency of about 43Hz. Further, the wavelength is found to be on the
order of somewhat less than 1mm. This results in a phase speed of
about 3.5–4 cm/s. These values are very typical for dust-density waves,
see, e.g., Refs. 4, 9, and 39.

For a more quantitative interpretation, the instantaneous phases
have been calculated from the periodogram using the Hilbert trans-
form of spatiotemporal evolution of the wave intensity I(z, t), see, e.g.,
Refs. 2, 5, 6, 40, and 41. There, I(z, t) is transformed into its analytical
signal Aðz; tÞ ¼ Iðz; tÞ þ îIðz; tÞ, where Îðz; tÞ is the Hilbert trans-
form of I(z, t). From that, the instantaneous phase is defined as
/ðz; tÞ ¼ atan2ðÎðz; tÞ=Iðz; tÞÞ. The resulting instantaneous phase
/ðz; tÞ is shown in Fig. 3 for the above-mentioned dust cloud of
1:04 lm dust.

The instantaneous phase evolution has been calculated for the
dust clouds over a wide range of magnetic field strengths. A selection
of these phase maps is shown in Fig. 3. The phase map in panel (a) is
for the periodogram depicted in Fig. 2 when no magnetic field is pre-
sent. As expected, the phase map shows a clean sequence of propagat-
ing phases indicating that the dust-density waves propagate coherently
through the dust cloud. The wave fronts are very regular, hence featur-
ing a definite frequency and wavelength (see below).

With an increasing magnetic field strength at 28mT, see Fig.
3(b), the wave remains coherent in the upper part of the dust cloud,
but in the lower part, the phase information becomes already slightly

distorted. With even more increased field at 100 mT and 177mT, also
the upper parts of the cloud feature more incoherent wave activity.
One can identify merging wavefronts or wavefronts that stop before
reaching the bottom of the cloud, see also Refs. 41 and 42. It is also
seen that the wave frequency is reduced: the number of wave fronts at
higher fields is decisively lower than for the no-field case. At the high-
est magnetic field shown here [606mT, Fig. 3(e)], the wave propaga-
tion appears more coherent again. The disturbances in the cloud,
specifically the lower part, seem to be reduced. Nevertheless, the situa-
tion is not as nicely coherent as for 0mT.

For comparison, the phase maps for the dust cloud with the
larger MF particles (3:55lm diameter) are shown in Fig. 4. There,
generally, a similar behavior as for the smaller particles is observed. At

FIG. 2. Periodogram for the dust-density wave in a dust cloud consisting of
1:04 lm MF particles at 0 mT. The upper panel shows the periodogram over the
full 1000 frames (corresponding to 5 s). The lower is a zoom-in where the individual
wavefronts can be seen more clearly. The dashed line indicates the phase velocity
of a single wave crest.

FIG. 3. Instantaneous phase /ðz; tÞ of the dust-density waves under a magnetic
field strength of (a) 0 mT, (b) 28mT, (c) 100mT, (d) 177 mT, and (e) 606mT. Here,
the dust size is 1:04lm in diameter.
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zero field, the dust-density wave is quite coherent with some distur-
bances in the lower part of the cloud. For higher fields (100 mT and
323mT), the phase behavior is disturbed also in the upper parts of the
cloud, where also merging and stopping of wavefronts can be seen. At
the highest field (790mT), the waves look more coherent again. The
wave frequency for these larger particles is found to be around 23Hz
and does not seem to vary much with magnetic field strength.

An analysis of nonlinear contributions in these waves from the
study of cnoidal wavefronts as in Ref. 43 was not possible with our data.

IV. WAVE FREQUENCIES AND WAVENUMBERS

Now, from these phase map data, the corresponding wave fre-
quencies and wavenumbers will be derived. First, the wave frequencies
are determined as the spectral power density by calculating the Fourier
transform of the image intensity I(z, t) for each vertical position z.
Then, these power spectra are averaged over the height of the dust
cloud, yielding the power density shown in Figs. 5 and 6(a). The power
spectra have been determined for 33 magnetic field settings in the case
of the 1:04lm cloud and 41 magnetic field settings in the case of the
3:55 lm cloud. The corresponding magnetic field strengths are indi-
cated in Figs. 5 and 6(c), respectively.

For the determination of the dominant wavenumber k, two dif-
ferent techniques have been applied. First, for each time step t, a mean
wavenumber is derived from the spatial evolution of the instantaneous
phase as kðtÞ ¼ D/ðz; tÞ=Dz where we took Dz � 1 mm from the

FIG. 4. Instantaneous phase /ðz; tÞ of the dust-density waves under a magnetic
field strength of (a) 0 mT, (b) 100 mT, (c) 323 mT, and (d) 790mT. Here, the dust
size is 3:55 lm in diameter. Note the different temporal scale compared to Fig. 3.

FIG. 5. (a) Spectral power density (color-coded) of the dust-density waves aver-
aged over the height of the dust cloud of 1:04lm particles. Shown is the wave fre-
quency as a function of sequence number of the experiment. The corresponding
magnetic field strength is shown in panel (c) where the case of no magnetic field in
sequence number 1 is arbitrary set to 5� 10�3 T for presentation purposes. The
symbols (dots) in (a) denote the wave frequency with highest power density. In
panel (b), the distribution of wavenumbers k is shown color-coded vs the sequence
number. For comparison, the wavenumbers determined from the wave speed (see
the text for details) are shown as symbols.
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midsection of the cloud of 1:04lm particles (Dz � 2 mm for the
dust cloud of 3:55lm particles). In both clouds, Dz is on the order of
the distance between two wavefronts. From that, we get a distribution
of the k(t) values from the 1000 frames of the sequence. The so
obtained distributions of the k(t)-values are shown color-coded for
the various magnetic fields in Figs. 5 and 6(b), respectively. Second,
for comparison, the wave phase speed c has been obtained manually
from the average slope of the wave crests in the instantaneous phase
plots. Then, the wavenumber is obtained via k ¼ x=c where x is the
dominant frequency from the power spectra. The symbols in Figs. 5

and 6(b) denote the calculated wavenumber as an average over 10
measured phase speeds from successive wave crests.

A. Dust-density waves with smaller particles

We start the description of the results with the dust cloud of
1:04lm particles as shown in Fig. 5. One can see that the spectral
power density indicates a well-defined, sharp peak at a wave frequency
of about f¼ 45Hz at no magnetic field (sequence number 1). Also, the
second harmonic at about 90Hz is clearly visible. The corresponding
wavenumber distribution is also very sharp, indicating a strong peak
near k¼ 9000 m�1 (and a smaller peak near k¼ 7300 m�1). The
sharply defined values of f and k indicate a coherent wave at a phase
speed of c¼ 3.5 cm/s. For sequence number 2, at a magnetic field of
only about 8mT, still a sharp peak, however at a reduced frequency of
about 36Hz, is observed. Also here the harmonic at 72Hz is easily
observed. The wavenumber distribution is still narrow, and a mean
wavenumber near k¼ 6400 m�1 can be deduced (c¼ 3.5 cm/s). The
wave can also be judged as coherent.

At further increased fields (sequence number 3–5 corresponding
to B¼ 18, 28, and 38mT), both the power spectrum and the wave-
number distribution become somewhat broader, but unique values for
f and k can still be clearly identified. The wave can still be identified as
fairly coherent. This changes at even further increased magnetic fields.
Both the power spectrum and wavenumber distribution become broad
which reflects the incoherent phase map pattern in Fig. 3. Here, a
broad frequency band between 20 and 40Hz is observed in the power
spectra alongside with a broad distribution of k-values between 3000
m�1 and 6000 m�1. The broad frequency spectrum was seen in all
parts of the dust cloud. It is not an effect of averaging over different fre-
quency regimes in the different parts of the cloud and is not an effect
of the changing plasma conditions from top to bottom of the cloud.

In a range of magnetic fields between B¼ 340 and 710mT
(sequence number 23–28) again more clearly defined wave frequencies
around f¼ 27Hz and wavenumbers around k¼ 3000 m�1 are identi-
fied indicating that the wave becomes more coherent again
(c¼ 5.6 cm/s). This is consistent with the above described impression
from the corresponding phase maps in Fig. 3. At magnetic field
strengths above 710mT, the dust cloud still exists, but no clear wave
activity is seen, just some small-amplitude oscillations of some particu-
lar particles.

These observations suggest that at low magnetic fields a coherent
wave mode near f¼ 40Hz and around k¼ 7000 m�1 exists, whereas
at large fields on the order of a few hundred milliteslas, another quite
coherent mode near f¼ 25Hz and around k¼ 3000 m�1 manifests. In
the intermediate range, judging from the lower and upper boundaries
of the wave frequencies and the wavenumbers, an erratic combination
of these modes seems to be present. Finally, at the highest fields the
dust-density wave activity is suppressed.

A similar damping of the waves has been observed by
Choudhary et al.10 using particles of 2lm diameter, however, at much
lower magnetic field strengths. This is probably due to the fact that
their experiments have been run under decisively higher pressure
(around 25Pa). Also, the reported wavelengths of their dust-density
waves are similar to ours, but wave frequencies and phase speeds are
smaller by about a factor of 6, which might be due to the somewhat
larger particles and the higher gas pressure in their experiment.

FIG. 6. Same as Fig. 5 for the dust cloud of 3:55 l particles. The arrows indicate
the point for which the dispersion relation in Fig. 7 is calculated.
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In the experiments of Thomas et al.,9 the dispersion relation of
dust-density waves at a few different magnetic field strengths was
determined using 2 micrometer particles. The wave frequencies and
wavenumbers were in the range of the values seen in our experiment.
There, the wave dispersion has been measured. Almost independent of
magnetic field, a linear dispersion was found with a wave speed of
c¼ 3–4 cm/s.

It is known9,26,32,33 that in discharges under magnetic field a
“filamentation” of the plasma occurs. These filaments are narrow
regions of higher plasma emission (and thus probably higher plasma
density) elongated along the magnetic field direction. In parallel
experiments without dust in our discharge, we have observed station-
ary filaments above about 400mT which start to exhibit a temporally
fluctuating behavior above about 1T. The presence of such filaments
might influence the dynamic behavior of the dust-density waves dis-
cussed here due to the locally varying plasma density. However, a clear
influence of the presence of filaments in the experiments discussed
here has not been seen.

B. Dust-density waves with larger particles

When looking at the situation with larger particles (3:55lm
diameter particles), we find a somewhat similar situation, see Fig. 6.
For the sequences with the lowest magnetic field (sequence number 1
and 2 with B¼ 0 and 8mT), the wave is very coherent with sharply
defined wave frequencies around f¼ 24Hz and wavenumbers around
k¼ 2000 m�1. Both the wave frequency and the wavenumbers are
smaller than for the 1:04lm particles, but the wave phase speed
c ¼ 2pf =k is somewhat larger (approximately 6–7 cm/s) compared to
the case with smaller particles (3.5 cm/s). One also can identify a cer-
tain wave activity at the second harmonic at twice the natural fre-
quency (and even a third harmonic at the highest fields). This suggests
some (weak) nonlinear contributions.

With increasing field, in the entire range between B¼ 18mT and
B¼ 870mT (sequence number 3–36) still a quite pronounced fre-
quency peak is observed in the spectral power density. Moreover,
fractional harmonics at 12 f and

3
2 f appear. As a general trend, the dust-

density wave frequency slightly decreases with magnetic field. The dis-
tribution of wavenumbers shows an interesting behavior. In the range
of magnetic field values between B¼ 18mT and B¼ 345mT
(sequence number 3–25), a dominant contribution of wavenumbers
near k¼ 1600 m�1 is found, but also significant contributions at
3k � 4800 m�1 and 5k � 8000 m�1 are clearly visible. With further
increased field, the wavenumber distribution becomes very broad and
a dominant wavenumber becomes hard to identify. As mentioned
above, we also have determined the wavenumber from the phase speed
of 10 measured phase speeds of wave crests. The resulting behavior of
the wavenumbers is shown as symbols in Fig. 6(b). The so obtained
values generally follow the lowest k-value in the wavenumber distribu-
tion, but are slightly larger.

Finally, at the highest field strengths (B¼ 1 T to B¼ 1.5 T,
sequence 37–40) the wave becomes coherent again with wavenumbers
around k � 2500 m� 1 and wave frequencies around f¼ 19Hz. At the
highest field strength investigated here (B¼ 1.7 T, sequence 41), the
wave activity has decreased to local oscillations of some particles, simi-
lar to the case with smaller particles and to Ref. 10.

In summary, at low fields, we see coherent waves as for the dust
cloud with smaller particles. In the intermediate range of magnetic

field values, we see a more complex wave field that in this case of the
larger particles reflects the interaction of waves with different wave-
number. In contrast, for the smaller particles, there seemed to be an
interaction of modes at two different frequencies. At further elevated
fields, similar to for the case of smaller particles, the waves become
more coherent again; finally, at the highest magnetic field values, the
wave activity is suppressed.

V. PLASMA PARAMETERS FROM WAVE DISPERSION

Now, from the measured wave dispersion parameters
xm ¼ 2pfm and km, we derive plasma and dust parameters by com-
parison with a kinetic model of the dust-density wave dispersion.

We adapt a procedure proposed by Tadsen et al.2,3 The idea is
that the kinetic model of the density waves yields the real and imagi-
nary part of the (linear) wave dispersion xrðkÞ þ ixiðkÞ. Now, we
seek, by variation of the plasma and dust parameters, the solution of
the model dispersion that reproduces the observed wave frequency
2pfm ¼ xrðkmÞ where the observed wavenumber km matches the
point of maximum wave growth rate, i.e., where xiðkmÞ is maximum.
We did this analysis using the dominant mode at each magnetic field
setting as discussed below.

A. Dispersion relation

The dispersion relation of the dust-density wave can be written
(in a simplified form) as1,2,13,44–46

�ðx; kÞ ¼ 1þ 1

k2k2De
�

x2
pi

XðXþ i�inÞ � k2v2th;i
�

x2
pd

xðxþ i�dnÞ
¼ 0:

(1)

Here, xpi ¼ ðe2ni=ð�0miÞÞ1=2 and xpd ¼ ðZ2
de

2nd=ð�0mdÞÞ1=2 are the
ion and dust plasma frequency (with the ion density ni, ion mass mi,
dust charge Zd, dust density nd, and the dust massmd). Further, kDe is
the electron Debye length, �in and �dn are the ion-neutral and dust-
neutral collision frequency, and vth;i is the ion thermal velocity.
Finally, X ¼ x� kui with the ion drift velocity ui is the Doppler
shifted frequency as seen by the streaming ions. The streaming ions
are the energy source to drive the dust-density waves.

For the electrons, we have assumed that the dust-density waves
are of such a low frequency that their influence on the electron sus-
ceptibility can be ignored. The dust is assumed to be cold (Td ¼ 0),
thus ignoring effects of the dust thermal velocity. The ion susceptibil-
ity includes the effect of the drifting ions and the ion-neutral
collisions.

It is interesting to note that the same dispersion relation (1) also
holds for a magnetized plasma for a wave propagation along magnetic
field direction as in our case; see Refs. 3, 47, and 48.

To match the model dispersion with the measured values of xm

and km, we treat the ion density ni and the dust charge Zd as free
parameters. The ion drift velocity is determined via ui ¼ liE using the
ion mobility li and the electric field E. The electric field is determined
from the force balance of electric field force and gravity on the dust by
ZdeE ¼ mdg (accounting for the yet unknown dust charge Zd). For
the ion mobility, we have used the expression by Tadsen et al.2 and
Frost.49 This ion mobility also determines the ion neutral collision fre-
quency �in ¼ e=ðmiliÞ. The dust neutral collision frequency �dn is
obtained from the Epstein drag.2,50 The dust density has been derived
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from the video data by measuring the interparticle distance b in a quiet
region of the dust cloud and setting nd ¼ b�3. The values for the elec-
tron and ion temperatures and the electron density ratio have been
estimated (see the Appendix for an error assessment). The parameters
for the calculation of the model dispersion are summarized in Table I.

The main difference of this model compared to Tadsen’s et al.2,3

is that for our small dust cloud trapped in the sheath we neglect charge
depletion effects (which are considerable for the volume-filling nano-
dusty cloud of Tadsen’s experiment), but we make use of the trapping
condition in the sheath to determine the electric field strength.

As an example, the matching dispersion relation is shown in
Fig. 7 for the large particles (3:55lm diameter) at a magnetic field
strength of B¼ 195mT (see the arrows in Fig. 6). Adjusting the ion
density and dust charge to ni ¼ 2:6� 1014 m�3 and Zd ¼ 1610 yields
a dispersion relation that has a maximum of the imaginary part xi at
the observed wavenumber km ¼ 1965 m�1. Also at km, the real part
xr matches the observed wave frequency 2pfm ¼ 2p � 19:5 s�1.
Matching both the maximum of xi and the condition of xr ¼ 2pfm at
kr fixes the two unknown parameters ni and Zd.

B. Parameters extracted from dispersion relation

Figure 8 shows the results from matching the dispersion relation
to the measured values of the wave frequency and the wavenumbers.
As mentioned above, the ion density ni and the dust charge Zd have
been varied in such a way that the wave mode from the model has the
highest growth rate at the observed wavenumber and that the observed
wave frequency matches that of the model at that wavenumber.

The comparison has been made for dust clouds of both particle
sizes (1:04lm diameter and 3:55lm diameter for which two experi-
mental runs were available). In the case of the smaller dust particles,
the wavenumber distribution from the analysis of the instantaneous
phase and the wavenumbers derived from the phase speed coincide
quite well; see Fig. 5(b). We, therefore, have taken the wavenumbers

TABLE I. Parameters used in the evaluation of the model dispersion for the waves
in the dust clouds of smaller and larger particles.

Particle diameter (lm) 1.04 3.55
Gas pressure (Pa) 9 7
Dust density (m�3) 5� 1011 1� 1011

Electron temperature (eV) 3
Ion temperature (eV) 0.03
Electron density 0:5� ni
Gas Ar

FIG. 7. Real and imaginary parts of the dispersion relation fitting the observations:
at the measured wavenumber km the imaginary part has its maximum, while the
real part coincides with the measured value 2pfm. See text for details.

FIG. 8. Ion density (a) and dust charge number (b) extracted from the dispersion
relation. The data are shown for the dust cloud of 1:04 l m particles and for the
dust cloud of 3:55l m particles where two experiments under similar conditions
have been run. Again, the data point for no applied magnetic field has been arbi-
trary set to 5� 10�3 T.
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from the phase speed as representatives for the comparison with the
model dispersion. However, the wave frequencies show a quite broad
distribution over a wide range of magnetic field values. There, we
chose the wave frequencies with the highest spectral power density
[symbols in Fig. 5(a)] for the comparison with the model dispersion.
In the Appendix, the error due to the wave frequencies is analyzed.

For the larger particles, in contrast, the wave frequencies are well
defined from the spectral power density in Fig. 6(a). Those values have
entered the analysis. The wavenumber distribution on the other hand
is very broad (and often has three maxima). The wavenumbers derived
from the phase speed mostly follow closely the lowest maximum in
the wavenumber distribution; see Fig. 6(b). Therefore, these wavenum-
bers from the phase speed have been used for the comparison with the
model dispersion. Also here an error estimate is given in the
Appendix.

Looking at Fig. 8(a) showing the extracted ion densities, we find
that the ion density (in the plasma sheath where the dust is trapped)
does not change very much with applied magnetic field strength.
For both runs with the larger particles, the values are around
ni ¼ 2–4� 1014 m�3. From the dust cloud with the smaller particles,
we derive ion densities mostly around ni ¼ 1–2� 1014 m�3. The dif-
ferent dust clouds have been trapped under quite similar conditions
with respect to gas pressure and discharge power. Therefore, one could
expect similar ion densities for the different experiments. The differ-
ences in ion density for the two dust particle sizes might lie in simplifi-
cations of the model dispersion, e.g., neglecting the ion drag force in
the force balance for the dust and, thus, the ion drift velocity. Also the
uncertainties from the experimental data, e.g., the broad distribution
of frequencies for the smaller particles or the broad distribution of
wavenumbers for the larger particles might play a role. Nevertheless,
the obtained ion density values are in a range that can be expected for
a low-power, low-pressure rf discharge.39 In addition, recent probe
measurements in rf discharges under magnetic fields up to 0.1T do
not show a systematic variation of the electron density or electron tem-
perature with magnetic field strength.51

The extracted dust charge in Fig. 8(b) also shows little variation
with magnetic field. For the larger dust, we find quite consistent values
between the two experimental runs. One sees a slight reduction of
charge values from Zd � 2000 at no field to Zd � 1500 at the highest
field. For the smaller particles, we find a quite constant dust charge
just below Zd � 500 (the larger values at around B � 300 mT might
be due to scatter in the x and k input values). The relative charge ratio
between the smaller and larger particles is around 3–4 and nicely cor-
relates with the dust size ratio as one would expect from simple orbital
motion limit (OML) charging models. Also the absolute values of the
dust charge are nicely compatible with other experiments.4,39,44

The fact that the dust charge is nearly constant with magnetic
field strength has recently been observed for 2D dust clusters with
larger dust particles36 and has previously been seen in experiments on
the wakefield interaction in a pair of micrometer-sized particles.25

Also numerical models find only little influence of magnetic field
strength on the particle charge.30,31,52

In dusty plasmas with nanometric dust on the order of 150nm
radius under magnetic field strengths up to 100mT, a certain influence
on the dust charge has been observed. In those experiments by Tadsen
et al.,3 the charge was found to be reduced by about a factor of 3 in the
field range between 0 and 100mT, whereas the ion density showed

little variation. However, there the dust cloud is trapped in the bulk
plasma volume and experiences strong charge depletion effects.
Moreover, the structure and density of the dust cloud change with
magnetic field which might explain the observed influence on the
charge.3

VI. SUMMARY

We have studied the dispersion of dust-density waves in a dusty
plasma under various magnetic field strengths. Dust clouds of two dif-
ferent particle sizes, 1:04lm and 3:55 lm diameter, have been investi-
gated. Both dust clouds show a similar, interesting variation of the
wave dispersion properties with magnetic field strength.

In both systems at low fields, coherent dust-density waves have
been observed. The cloud with smaller particles featured waves at
higher frequency and larger wavenumber compared to the larger par-
ticles. The phase speeds were found to be somewhat larger for the
larger particles.

For the cloud with the smaller particles, at medium fields, a com-
petition between two modes at different frequencies seems to occur.
At field strengths of a few hundred millitesla, quite coherent waves
dominate, but now at a lower frequency. At even higher fields (above
700 mT), the wave activity ceases, as also seen in Ref. 10.

For the cloud with the larger particles, at medium fields, a combi-
nation of modes with similar frequency, but different wavenumbers,
are observed. Then, similar to that for the smaller particles, again,
magnetic field ranges with coherent waves are found, followed by
reduced wave activity at the highest fields.

The dominant wave frequencies and wavenumbers were deter-
mined from the Hilbert transform of the image intensities. For both
particle sizes, a general trend toward slightly reduced wave frequencies
with the increasing field was observed. The measured wave parameters
were compared with a kinetic model of the dispersion relation, similar
to those in Refs. 2 and 3. The ion density and dust charge in the model
were varied in such a way that the measured and modeled wave fre-
quencies coincide when the measured wavenumber agrees with the
position of the highest growth rate in the model.

The ion density extracted by this method yields values on the
order of ni ¼ 3� 1014 m�3 for both dust clouds. The dust charge was
found to be around Zd ¼ 500 for the smaller particles and between
Zd ¼ 1500 and 2000 for the larger particles. In agreement with the
simple OML approach, the measured charge ratio matches the particle
size ratio. It is interesting to note that neither the ion density nor the
dust charges vary very much with applied magnetic field strength, in
agreement with previous experiments and simulations.25,30,31,36,52
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APPENDIX: ERROR ASSESSMENT

1. Model parameters

In the application of the dispersion relation, Eq. (1), some of
the input parameters, such as the electron temperature and the elec-
tron-to-ion density ratio, have been estimated. Also, the dust den-
sity measurement is subject to a certain degree of error.

To account for the error introduced by the estimation of these
values, we calculated the best-fit values for the ion density ni and
the dust charge Zd using values that have been varied from the val-
ues shown in Table I.

We find that by changing the electron temperature from Te

¼ 2 eV–4 eV, the best-fit ion density changes by less than 5%, and
the best-fit dust charge changes even less. Also, a change of the elec-
tron density from 0:3� ni to 0:7� ni also leads to insignificant
changes of the best-fit values.

Essentially, only a change of the dust density in the dust cloud
leads to noticeable changes. For example, we accounted for an error
range of the dust density of nd ¼ 0:7� 1011 m�3–1:5� 1011 m�3 (in
the case of the dust cloud with larger particles). For nd ¼ 0:7� 1011

m�3, the best-fit ion densities are smaller by 20% compared with the
“standard” value at nd ¼ 1� 1011 m�3, whereas the best-fit dust
charges are larger by 20%. Similarly, choosing nd ¼ 1:5� 1011 m�3,
the ion density increases by about 25% and the dust charge is reduced
by 20%. Similar trends are seen for the situation with the cloud of
smaller particles.

However, since the dust density in the dust cloud does not
change significantly with magnetic field, the observed trends of ni
and Zd vs magnetic field strength are robust.

2. Measurement input

As described above, specifically for medium magnetic field
ranges, the wave frequency shows a broad distribution for the par-
ticles of 1:04lm diameter. Similarly, there is a broad wavenumber
distribution for the particles of 3:55 lm diameter. To assess the
error from the uncertainty in frequency and the wavenumber,
respectively, we have again calculated the best-fit for the ion density
ni and the dust charge Zd using modified values of the frequency
and the wavenumber.

For the case of the 1.04 lm particles, the frequencies chosen to
calculate ni and Zd in the above calculation mostly are at the upper
end of the frequency band. For this error assessment, we have now
calculated ni and Zd assuming wave frequencies that are 25%
smaller than those in Fig. 5(a). The resulting error range is shown
in Figs. 9(a) and 9(b). It is seen that assuming a 25% smaller mea-
sured frequency results in an increase in the retrieved ion density
by about a factor of two. The dust charge is far less affected. There,
one finds an increase in the retrieved dust charge by less than 100
elementary charges.

For the dust cloud of the larger particles of 3:55 lm diameter,
the frequency is obtained quite accurately. The wavenumber distri-
bution, however, is quite broad, and for the above calculation, the
used wavenumbers follow the lower bound of the wavenumber dis-
tribution. Thus, here, for the error analysis, we have now taken
wavenumbers that are 50% larger than in the original analysis
and have then retrieved ni and Zd. The resulting error shown in

Figs. 9(c) and 9(d) similarly indicates an increase in the retrieved
ion density by about a factor of two. The new retrieved dust charge
is smaller by about 100 elementary dust charges.

Using the quite strong changes (25% or 50%) of input fre-
quency or wavenumber from the experiment, the best-fit ion den-
sity increases decisively. However, the dust charge is barely affected
in both cases. The discussed trend is robust, namely, that neither
the ion density nor the dust charges vary very much with the
applied magnetic field strength.
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